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Zusammenfassung 
6HNXQGlUUHIOHNWRUHQ ZHUGHQ LQ 6RODUWXUPNUDIWZHUNHQ HLQJHVHW]W XP GLH
6WUDKOXQJ LP )RNXV HLQHV 6SLHJHOIHOGHV ZHLWHU ]X NRQ]HQWULHUHQ 'DV EHGHXWHW
GLH6WUDKOXQJZLUGDXIHLQHNOHLQHUH)OlFKHEHUWUDJHQXQGGDEHL/HLVWXQJSUR
)OlFKHGLH%HVWUDKOXQJVVWlUNHHUK|KW'LHVHUP|JOLFKWK|KHUH7HPSHUDWXUHQLP
$UEHLWVPHGLXPGDVGLH6WUDKOXQJDEVRUELHUWXQGVRPLWK|KHUH:LUNXQJVJUDGH
LPDQJHVFKORVVHQHQ:lUPH.UDIW3UR]H
6HNXQGlUUHIOHNWRUHQ ]XU .RQ]HQWUDWLRQ YRQ 6WUDKOXQJ N|QQHQ PLW DQDO\WL
VFKHQ 0HWKRGHQ GHU QLFKWDEELOGHQGHQ 2SWLN HQWZRUIHQ ZHUGHQ GLH DXI GHU
WKHUPRG\QDPLVFKHQ%HVFKUHLEXQJYRQ6WUDKOXQJVWUDQVIHULPYLHUGLPHQVLRQDOHQ
3KDVHQUDXPGHUJHRPHWULVFKHQ2SWLNEHUXKHQ'LH(UKDOWXQJGHV3KDVHQUDXP
YROXPHQV XQG GLH WRSRORJLVFKHQ (LJHQVFKDIWHQ GHU RSWLVFKHQ 7UDQVIHUIXQNWLRQ
HUP|JOLFKHQGLH*HVWDOWXQJYRQ5HIOHNWRUHQGLHLQ]ZHL'LPHQVLRQHQHLQHJHJH
EHQH4XHOOVWUDKOXQJ H[DNW LQGLH JHZQVFKWH=LHOVWUDKOXQJEHUIKUHQ ,QGUHL
'LPHQVLRQHQ MHGRFK VLQG GLH *OHLFKXQJHQ ]XU %HVWLPPXQJ GHU 5HIOHNWRUIRUP
EHUGHILQLHUW
$XIJUXG GLHVHU JUXQGVlW]OLFKHQ (LQVFKUlQNXQJHQ ZHUGHQ ELVODQJ 5HIOHNWRU
IRUPHQ HLQJHVHW]W GLH XQWHU$QQDKPH YRQSHUIHNWHQRSWLVFKHQ0DWHULDOLHQ IU
KRPRJHQH6WUDKOXQJDXVHLQHPWUDQVODWLRQVRGHUURWDWLRQVV\PPHWULVFKHQ5LFK
WXQJVEHUHLFK HQWZRUIHQ ZXUGHQ 'HQ VSH]LILVFKHQ ,QKRPRJHQLWlWHQ XQG $V\P
PHWULHQ GHU 6WUDKOXQJ LP )RNXV HLQHV 6SLHJHOIHOGHV ZXUGH NHLQH 5HFKQXQJ
JHWUDJHQ ZRGXUFKGHU*HVDPWZLUNXQJVJUDG YRQ 6RODUWXUPNUDIWZHUNHQGHXWOLFK
EHJUHQ]WZLUG
,P5DKPHQ GLHVHU $UEHLW ZXUGHQ QHXDUWLJH5HIOHNWRUIRUPHQ HQWZLFNHOW 6LH
EHUXKHQDXI(QWZUIHQGLHPLWDQDO\WLVFKHQ0HWKRGHQXQWHU(LQEH]LHKXQJGHU
VSH]LILVFKHQ$V\PPHWULHQGHU6WUDKOXQJ JHIXQGHQZXUGHQ$XVJHKHQG YRQGLH
VHQ DQDO\WLVFKHQ(QWZUIHQZXUGHGLH)RUPGHU5HIOHNWRUHQ LQ HLQHPQXPHUL
VFKHQ 2SWLPLHUXQJVSUR]H YDULLHUW %HL GHU 2SWLPLHUXQJ ZXUGHQ UHDOLVWLVFKH
WHFKQLVFKH 5DKPHQEHGLQJXQJHQ ZLH $EVRUSWLRQVYHUOXVWH RGHU GHU $XIEDX GHU
5HIOHNWRUHQ DXV HEHQHQ E]Z HLQGLPHQVLRQDO JHNUPPWHQ)DFHWWHQ EHUFNVLFK
WLJW
'LHVHUQHXDUWLJH$QVDW]GHU.RPELQDWLRQYRQDQDO\WLVFKHQ(QWZXUIVPHWKR
GHQXQGDQVFKOLHHQGHU2SWLPLHUXQJGHU)RUPXQWHUUHDOLVWLVFKHQ%HGLQJXQJHQ
ZXUGHIUGUHLYHUVFKLHGHQH6LWXDWLRQHQGXUFKJHIKUW
=XVDPPHQIDVVXQJ

• )U6WUDKOXQJGLHKRPRJHQDXVHLQHPURWDWLRQVV\PPHWULVFKHQ5LFKWXQJVEH
UHLFK DXI GLH(LQWULWWVDSHUWXU GHV5HIOHNWRUV HLQIlOOWZXUGHGHU(LQIOXGHU
8QWHUWHLOXQJGHV5HIOHNWRUV LQ HEHQH)DFHWWHQXQWHUVXFKW(VNRQQWHJH]HLJW
ZHUGHQGDGLH RSWLPDOH)RUPGHV5HIOHNWRUVGHXWOLFK YRQGHU$Q]DKOGHU
8QWHUWHLOXQJHQ LQ)DFHWWHQDEKlQJWXQG LQ MHGHP)DOOH VLJQLILNDQW YRQGHU
DQDO\WLVFK JHIXQGHQHQ $XVJDQJVIRUP DEZHLFKW 'LHVH (UJHEQLVVH XQWHUVWUHL
FKHQGLH1RWZHQGLJNHLW GHU2SWLPLHUXQJVUHFKQXQJHQXQWHU JHJHEHQHQ5DK
PHQEHGLQJXQJHQ
• )U 6WUDKOXQJ YRQ HLQHPNUHLVI|UPLJHQ6SLHJHOIHOGGDVQ|UGOLFKGHV)RNXV
HLQHV 7XUPNUDIWZHUNHV OLHJW ZXUGH HLQ 6HNXQGlUUHIOHNWRU LQ )RUP HLQHV
DV\PPHWULVFKHQ.RQXVPLW DQDO\WLVFKHQ0HWKRGHQ HQWZRUIHQ'LH2SWLPLH
UXQJVUHFKQXQJHQ ]HLJHQ GD HU LP9HUJOHLFK ]XKHUN|PPOLFKHQ URWDWLRQV
V\PPHWULVFKHQ 5HIOHNWRUHQ EHL UHDOLVWLVFKHQ %HGLQJXQJHQ XP  K|KHUH
:HUWHGHU%HVWUDKOXQJVVWlUNHHUUHLFKW
• )UHLQH[SHULPHQWHOOHV6SLHJHOIHOGDP:HL]PDQQ,QVWLWXWHRI6FLHQFH:,6
ZXUGHQ 6HNXQGlUUHIOHNWRUHQ HQWZLFNHOW GLH LP =HQWUXP GHU )RNDOHEHQH
GLFKWQHEHQHLQDQGHUDQJHRUGQHWZHUGHQN|QQHQ'LH6WUDKOXQJGLHVHV)HOGHV
ZHLVWVWDUNH$V\PPHWULHQLQGHU5LFKWXQJVYHUWHLOXQJDXI(VZXUGHQ5HIOHNWR
UHQ XQWHUVXFKW GLH VHFKVHFNLJH RGHU YLHUHFNLJH $SHUWXUHQKDEHQ )U EHLGH
)RUPHQZXUGHQV\PPHWULVFKHXQGDV\PPHWULVFKH)RUPHQRSWLPLHUW'LHEH
VWHQ (UJHEQLVVH NRQQWHQ PLW DV\PPHWULVFKHQ 5HIOHNWRUHQ PLW UHFKWHFNLJHQ
$SHUWXUHQHU]LHOWZHUGHQ0LW LKQHQ OlW VLFKEHLUHDOLVWLVFKHQ%HGLQJXQJHQ
GLH %HVWUDKOXQJVVWlUNH JHJHQEHU V\PPHWULVFKHQ )RUPHQ XP ELV ]X 
HUK|KHQ
'LHKHUYRUUDJHQGHQ(LJHQVFKDIWHQGHUQHXDUWLJHQ5HIOHNWRUHQPLW UHFKWHFNL
JHP4XHUVFKQLWWNRQQWHQGDUEHUKLQDXVDXFKDOOJHPHLQIU6WUDKOXQJPLWHOOLS
WLVFKHU5LFKWXQJVYHUWHLOXQJEHVWlWLJWZHUGHQ
1DFK LP5DKPHQGLHVHU$UEHLWHQWVWDQGHQHQ(QWZUIHQZXUGHDP:,6HLQ
6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWWNRQVWUXLHUWGHUDXVDFKWHEHQHQ
)DFHWWHQ ]XVDPPHQJHVHW]W LVW 'HU 5HIOHNWRU ZXUGH LQ HLQHQ EHVWHKHQGHQ 9HU
VXFKVDXIEDXDPH[SHULPHQWHOOHQ6SLHJHOIHOGGHV:,6LQWHJULHUW
$P:,6ZXUGHQ ]XVlW]OLFK NDORULPHWULVFKH0HVVXQJHQ ]XU%HVWLPPXQJGHU
7UDQVPLVVLRQ YRQ 6WUDKOXQJ GXUFK GHQ 6HNXQGlUUHIOHNWRU GXUFKJHIKUW 'LH
0HVVXQJHQVLQGPLWUHODWLYHQ)HKOHUQYRQHWZDEHKDIWHWGLHYRUDOOHPDXI
HLQHU9HUlQGHUXQJGHV%LOGHVGHU6RQQH LP)RNXVDXIJUXQGGHU%HZHJXQJGHU
6RQQHDP+LPPHOZlKUHQGGHU0HVVXQJEHUXKHQ,QQHUKDOEGLHVHU)HKOHUJUHQ
]HQVWLPPHQGLH0HHUJHEQLVVHPLW6LPXODWLRQVZHUWHQEHUHLQ
=XVDPPHQIDVVXQJ

:HVHQWOLFK JHQDXHUH(UJHEQLVVHZXUGHQPLW HLQHU QHXHQ RSWLVFKHQ0HPH
WKRGH]XU&KDUDNWHULVLHUXQJYRQ6HNXQGlUUHIOHNWRUHQHUUHLFKWGLHRKQHGLHIHK
OHUDQIlOOLJHQ WKHUPLVFKHQ XQG UDGLRPHWULVFKHQ 0HVVXQJHQ DXVNRPPW 'LH
0HPHWKRGH EDVLHUW DXI GHU 8PNHKUEDUNHLW GHV 6WUDKOZHJHV LQ GHU JHRPHWUL
VFKHQ2SWLN0LW HLQHU GLIIXVHQ /LFKWTXHOOH LQ GHU $XVWULWWVDSHUWXU ZLUG JHQDX
GLH6WUDKOXQJHU]HXJWGLHZHQQPDQLKUH5LFKWXQJXPNHKUWGLH$XVWULWWVDSHU
WXU HUUHLFKHQZUGH'LHVH6WUDKOXQJNDQQPDQGXUFKGLH(LQWULWWVDSHUWXU YRQ
YHUVFKLHGHQHQ 6WHOOHQ LP 6SLHJHOIHOG DXV IRWRJUDILHUHQ XQG HUKlOW VRPLW GLH
7UDQVPLVVLRQGHU6WUDKOXQJGXUFKGHQ5HIOHNWRUPLWGHUYROOHQYLHUGLPHQVLRQD
OHQ$XIO|VXQJGHV3KDVHQUDXPVGHUJHRPHWULVFKHQ2SWLN'XUFK9HUJOHLFKHQGHU
)RWRJUDILHQPLW6LPXODWLRQVUHFKQXQJHQNDQQPDQGLHJHRPHWULVFKHQ3DUDPHWHU
GHV5HIOHNWRUVPLWKRKHU*HQDXLJNHLWEHVWLPPHQ
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Einleitung 
,Q VRODUWKHUPLVFKHQ.UDIWZHUNHQZLUGGLH6RQQHQVWUDKOXQJ JHQXW]W XPHLQ
$UEHLWVPHGLXPZLH/XIWRGHUgO ]XHUKLW]HQ'LHVHV$UEHLWVPHGLXPZLUGGDQQ
DOV :lUPHWUlJHU LQ HLQHP NRQYHQWLRQHOOHQ :lUPH.UDIW3UR]H HLQJHVHW]W
'XIILH:LQWHU'LH7HPSHUDWXUGHV$UEHLWVPHGLXPVEHHLQIOXWHQW
VFKHLGHQGGHQ:LUNXQJVJUDGGHV8PZDQGOXQJVSUR]HVVHVGHUSK\VLNDOLVFKGXUFK
GHQ&DUQRW:LUNXQJVJUDGQDFKREHQEHJUHQ]WLVW-HK|KHUDOVRGLH7HPSHUDWXU
GHV$UEHLWVPHGLXPVGHVWRK|KHULVWGHUHUUHLFKEDUH:LUNXQJVJUDGGHV.UDIWZHU
NHV'LH 6RQQHQVWUDKOXQJ GLH GLUHNW QXU HLQH%HVWUDKOXQJVVWlUNH YRQPD[LPDO
N:PHUUHLFKWPXJHEQGHOWZHUGHQXPGLHJHZQVFKWHQKRKHQ7HPSHUD
WXUHQLP$UEHLWVPHGLXPHU]HXJHQ]XN|QQHQ'LHVH(UK|KXQJGHU%HVWUDKOXQJV
VWlUNHEHLGDPLWYHUEXQGHQHU5HGXNWLRQGHUEHVWUDKOWHQ)OlFKHEH]HLFKQHWPDQ
DOV.RQ]HQWUDWLRQ
(V JLEW YHUVFKLHGHQH.RQ]HSWH ]XU VRODUWKHUPLVFKHQ 6WURPHU]HXJXQJ'LHVH
XQWHUVFKHLGHQ VLFK LPZHVHQWOLFKHQGXUFKGLH HOHNWULVFKH/HLVWXQJGLH LQHLQHU
(LQKHLW HU]HXJW ZLUG XQG GXUFK GLH DQJHVWUHEWH 7HPSHUDWXU GHV $UEHLWVPHGL
XPV
• ,Q3DUDEROULQQHQNUDIWZHUNHQZLUGGLH6RQQHQVWUDKOXQJ LP/LQLHQIRNXVYRQ
HLQGLPHQVLRQDO JHNUPPWHQ 6SLHJHOQ DXI HLQ $EVRUEHUURKU NRQ]HQWULHUW
'LHVH6SLHJHOZHLVHQHLQSDUDEROLVFKHV3URILODXIXQGZHUGHQHLQDFKVLJQDFK
JHIKUW (V ZHUGHQ 7HPSHUDWXUHQ YRQ W\SLVFKHUZHLVH & HUUHLFKW 0LW
.UDIWZHUNHQGLHVHV7\SVZLUG VHLWGHQ VLHE]LJHU -DKUHQ LP6GHQGHU9HUHL
QLJWHQ6WDDWHQNRPPHU]LHOOHUIROJUHLFK6WURPHU]HXJW&RKHQ'LHHOHN
WULVFKH1HQQOHLVWXQJGHUJHVDPWHQ$QODJHEHWUlJW0HJDZDWW$OVHUSUREWH
7HFKQRORJLH ZHUGHQ GLH 3DUDEROULQQHQNUDIWZHUNH DXFK DOV HUVWH 2SWLRQ IU
HLQHNXU]IULVWLJH$XVZHLWXQJGHUVRODUWKHUPLVFKHQ6WURPHU]HXJXQJDQJHVHKHQ
.ROE7ULHE
• 6RJHQDQQWHQ6FKDOHQV\VWHPHQ'LVKHVHUUHLFKHQK|KHUH7HPSHUDWXUHQDEHU
JHULQJHUH/HLVWXQJSUR(LQKHLW :LQWHU5HXVFK'HU6SLHJHOKDW
KLHUGLH)RUPHLQHVNXU]EUHQQZHLWLJHQ3DUDERORLGVXQGZLUG]ZHLDFKVLJGHU
6RQQH QDFKJHIKUW ,P )RNXV N|QQHQ 7HPSHUDWXUHQ ELV & HUUHLFKW
ZHUGHQ'LH6SLHJHOKDEHQHLQH)OlFKHYRQW\SLVFKHUZHLVHPELVP
'HPHQWVSUHFKHQGEHZHJWVLFKGLHHOHNWULVFKH$XVJDQJVOHLVWXQJLQGHU*U|H
QRUGQXQJYRQHLQLJHQ]HKQ.LORZDWWSUR(LQKHLW
(LQOHLWXQJ

• %HLP6RODUWXUPNUDIWZHUNZLUGGLH6WUDKOXQJYRQHLQHP)HOGHLQ]HOQHU]ZHL
DFKVLJQDFKJHIKUWHU6SLHJHODQGHU6SLW]HHLQHV7XUPHVIRNXVVLHUW,P)RNXV
N|QQHQ7HPSHUDWXUHQYRQ&HUUHLFKWZHUGHQ:LQWHU'LH6WUDK
OXQJLQGHU)RNDOHEHQHNDQQMHGRFKPLWHLQHP6HNXQGlUUHIOHNWRUQRFKZHLWHU
NRQ]HQWULHUWZHUGHQXPGDQQ7HPSHUDWXUHQYRQELV]X&]XHUUHLFKHQ
.ULEXV 6RODUWXUPNUDIWZHUNHZHUGHQDOV.RQ]HSW IUGLHQlFKVWH*H
QHUDWLRQYRQVRODUWKHUPLVFKHQ.UDIWZHUNHQ]XU(U]HXJXQJYRQ6WURPLQGHU
*U|HQRUGQXQJYRQHLQLJHQ]HKQELVHLQLJHQKXQGHUW0HJDZDWWHOHNWULVFKHU
/HLVWXQJ HQWZLFNHOW .ULEXV  ,Q HLQHU H[SHULPHQWHOOHQ$QODJH LQ.DOL
IRUQLHQZLUGLQHLQHP7XUPNUDIWZHUNRKQH6HNXQGlUUHIOHNWRUHLQHHOHNWULVFKH
'XUFKVFKQLWWVOHLVWXQJYRQHOI0HJDZDWWHU]LHOW'LH$QODJHYHUIJWEHUHLQHQ
:lUPHVSHLFKHU LQ GHP (QHUJLH EHU 1DFKW JHVSHLFKHUW ZHUGHQ NDQQ 'HU
8PZDQGOXQJVJUDGYRQVRODUHU(LQVWUDKOXQJ]XHOHNWULVFKHU/HLVWXQJEHWUlJW
HWZD4XLVWRQ
$P:HL]PDQQ,QVWLWXWHRI6FLHQFH :,6 LQ,VUDHOZHUGHQ.RPSRQHQWHQIU
6RODUWXUPNUDIWZHUNHHQWZLFNHOWGLHGLHP|JOLFKVWHIIL]LHQWH8PVHW]XQJGHU6RQ
QHQVWUDKOXQJDXIKRKHP7HPSHUDWXUQLYHDXHUODXEHQ'LHEHQ|WLJWHQ7HPSHUD
WXUHQ YRQEHU & VLQG RKQH HLQHQ6HNXQGlUUHIOHNWRUQLFKW ]X HUUHLFKHQ
'LH9RUOLHJHQGH$UEHLWZXUGHLP5DKPHQHLQHVYRP%XQGHVPLQLVWHULXPIU%LO
GXQJXQG)RUVFKXQJJHI|UGHUWHQ3URMHNWHV%0%)3URMHNWHUVWHOOW'LH
VHV 3URMHNW VWHKW LQ .RRSHUDWLRQ PLW HLQHP 3URMHNW DP :,6 (V ZXUGHQ
6HNXQGlUUHIOHNWRUHQ IU GLH VSH]LHOOH 6LWXDWLRQ GHU H[SHULPHQWHOOHQ$QODJH DP
:,6DEHUDXFKIUDOOJHPHLQHUH)lOOHHQWZLFNHOW,QVEHVRQGHUHZXUGHQQHXDUWLJH
DV\PPHWULVFKH 5HIOHNWRUIRUPHQ HQWZLFNHOW GLH DXI GHQ DQDO\WLVFKHQ0HWKRGHQ
GHUQLFKWDEELOGHQGHQ2SWLNEHUXKHQ
'LHHUVWHQQLFKWDEELOGHQGHQRSWLVFKHQ6\VWHPHZXUGHQLQGHQVHFK]LJHU-DK
UHQ IU GLH7HLOFKHQSK\VLN HQWZLFNHOW +LQWHUEHUJHU'RUW VROOWHGLH VWDUN
JHULFKWHWH&HUHQNRY6WUDKOXQJVRZHLWZLHP|JOLFKNRQ]HQWULHUWZHUGHQXPGDV
+LQWHUJUXQGUDXVFKHQEHL GHU0HVVXQJ ]X YHUULQJHUQ1LFKWDEELOGHQGH6\VWHPH
N|QQHQDXIGHU%DVLVHLQHU7KHUPRG\QDPLNGHVYLHUGLPHQVLRQDOHQ3KDVHQUDXPV
GHU JHRPHWULVFKHQ2SWLN EHVFKULHEHQZHUGHQ:LQVWRQ  6LH EHKDQGHOW GLH
*HVHW]PlLJNHLWHQ YRQ 6WUDKOXQJVWUDQVIHU ]ZLVFKHQ )OlFKHQ $EELOGXQJ ZLUG
QLFKWEHUFNVLFKWLJW 6HLW LKUHQ$QIlQJHQZHUGHQGLH0HWKRGHQGHUQLFKWDEELO
GHQGHQ2SWLN]XU.RQ]HQWUDWLRQYRQ6WUDKOXQJDXIQLFKWRUWVDXIO|VHQGH'HWHN
WRUHQ XQG ]XU .RQ]HQWUDWLRQ YRQ 6RQQHQVWUDKOXQJ IU GLH 6WURPHU]HXJXQJ
:LQVWRQ5DEOHLQJHVHW]W(LQHZHLWHUH$QZHQGXQJYRQQLFKWDEELO
GHQGHQ NRQ]HQWULHUHQGHQ 6\VWHPHQ EHVWHKW LP RSWLVFKHQ 3XPSHQ YRQ /DVHUQ
.XSSHQKHLPHU.RVKHO7DQJX\
(LQOHLWXQJ

,QMQJHUHU=HLWNRQQWHQGLH0HWKRGHQGHUQLFKWDEELOGHQGHQ2SWLNGHXWOLFK
HUZHLWHUWZHUGHQ,QVEHVRQGHUHGXUFKGLH(QWZLFNOXQJGHV0DVFKQHLGHUQVQDFK
5DQGVWUDKOHQ)ULHGPDQZXUGHQGDPLWQHXH$QZHQGXQJVJHELHWHEHUGLH
.RQ]HQWUDWLRQ YRQ 6WUDKOXQJ KLQDXV HUVFKORVVHQ2SWLVFKH 6\VWHPH N|QQHQ JH
]LHOW DXIEHVWLPPWH.ULWHULHQZLHGLH JOHLFKPlLJH9HUWHLOXQJRGHUGLH VFKDUIH
$EJUHQ]XQJGHU6WUDKOXQJKLQDXVJHOHJWZHUGHQ'LHVH.ULWHULHQN|QQHQH[DNW
HUIOOWZHUGHQ'LHUHVXOWLHUHQGHQRSWLVFKHQ6\VWHPHVLQGRIWNRPSDNWHUDOV/|
VXQJHQDXVDEELOGHQGHQRSWLVFKHQ.RPSRQHQWHQ
%HLVSLHOH KLHUIU VLQG 5HIOHNWRUHQ IU GLH 5DXPEHOHXFKWXQJ GLH HLQH VHKU
JOHLFKPlLJH/LFKWYHUWHLOXQJJHZlKUOHLVWHQ5LHVDEHUDXFKQHXDUWLJH6\
VWHPH]XU$XVNRSSOXQJYRQ/LFKWDXVHLQHU)DVHUIUGLH/DVHUFKLUXUJLHXQGGLH
6HQVRULN)HXHUPDQQ
'LH DQDO\WLVFKHQ 0HWKRGHQ GHU QLFKWDEELOGHQGHQ 2SWLN N|QQHQ HLQLJH
$VSHNWHUHHOOHURSWLVFKHU3UREOHPVWHOOXQJHQQLFKWEHUFNVLFKWLJHQ'D]XJHK|UHQ
LQKRPRJHQH 6WUDKOXQJVYHUWHLOXQJHQ RGHU 5HIOH[LRQVYHUOXVWH =XVlW]OLFKPVVHQ
RSWLVFKH%DXWHLOHJODWWH)RUPHQRIWGXUFKHEHQH)DFHWWHQDSSUR[LPLHUHQ$EHOH
 0LURQ  'LHVH WHFKQLVFKHQ 5DQGEHGLQJXQJHQ IKUHQ ]X (LQEXHQ
EHLGHU/HLVWXQJVIlKLJNHLWGHU6\VWHPHDOVR ]XP%HLVSLHO ]X UHGX]LHUWHU7UDQV
PLVVLRQ 'LHVH (LQEXHQ N|QQHQ PLW 6WUDKOYHUIROJXQJVUHFKQXQJHQ EHVWLPPW
ZHUGHQXQGZXUGHQELVKHULQGHU5HJHOLQ.DXIJHQRPPHQ
'HQHLQHQ]HQWUDOHQXQGQHXHQ$VSHNWGHUYRUOLHJHQGHQ$UEHLW VWHOOWGHVZH
JHQGLHIUHLH2SWLPLHUXQJGHU)RUPYRQ6HNXQGlUUHIOHNWRUHQGDU'LHDQDO\WLVFK
JHIXQGHQHQ)RUPHQGLHQHQDOV$XVJDQJVSXQNWHLQHV2SWLPLHUXQJVSUR]HVVHV8Q
WHU UHDOLVWLVFKHQ WHFKQLVFKHQ 5DKPHQEHGLQJXQJHQ ZLH HQGOLFKHU 5HIOHNWLYLWlW
GHU VSLHJHOQGHQ2EHUIOlFKHQRGHUGHP$XIEDXHLQHV5HIOHNWRUVDXVHEHQHQ)D
FHWWHQZLUGGLH/HLVWXQJVIlKLJNHLWHLQHU5HIOHNWRUIRUPPLWWHOV6WUDKOYHUIROJXQJV
UHFKQXQJHQHUPLWWHOW'LH)RUPZLUGLQGHU2SWLPLHUXQJVRODQJHYDULLHUWELVGLH
/HLVWXQJVIlKLJNHLWHLQ2SWLPXPHUUHLFKWKDW'LHRSWLPDOHQ)RUPHQZHLFKHQRIW
VLJQLILNDQWYRQGHQDQDO\WLVFKJHIXQGHQHQDEV$EVFKQLWW
'HQ]ZHLWHQ6FKZHUSXQNWGLHVHU$UEHLWVWHOOHQ LQVEHVRQGHUHQHXDUWLJHDV\P
PHWULVFKH 5HIOHNWRUIRUPHQ GDU %LVKHU ZXUGHQ LQ GHU QLFKWDEELOGHQGHQ 2SWLN
PHLVW WUDQVODWLRQVLQYDULDQWH RGHU URWDWLRQVV\PPHWULVFKH 3UREOHPVWHOOXQJHQ EH
KDQGHOW *HUDGH GLH 6WUDKOXQJ LP)RNXV GHV 6SLHJHOIHOGHVZHLVW DEHU FKDUDNWH
ULVWLVFKH $V\PPHWULHQ DXI GHQHQ NRQYHQWLRQHOOH )RUPHQ QLFKWDEELOGHQGHU
6HNXQGlUUHIOHNWRUHQQLFKWJHUHFKWZHUGHQN|QQHQ
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1 Strahlungstransfer in der geometrischen Optik 
,QGLHVHP.DSLWHOZHUGHQGLHSK\VLNDOLVFKHQ*UXQGODJHQYRQ6WUDKOXQJVWUDQVIHU
LQGHUJHRPHWULVFKHQ2SWLNHUOlXWHUW
'LH%DVLV GHU%HVFKUHLEXQJ LVW GHU YLHUGLPHQVLRQDOH 3KDVHQUDXPGHU JHRPHWUL
VFKHQ2SWLN'DV3KDVHQUDXPYROXPHQ(WHQGXHEHVFKUHLEWGLH$XVGHKQXQJLP2UWV
XQG5LFKWXQJVUDXPXQGLVWHLQH(UKDOWXQJVJU|H'LHH[DNWH%HVFKUHLEXQJLP3KD
VHQUDXP]HLJW0|JOLFKNHLWHQXQG*UHQ]HQEHLNRQNUHWHQ3UREOHPVWHOOXQJHQDXI
'LH QLFKWDEELOGHQGH 2SWLN EHVFKUHLEW GHQ 6WUDKOXQJVWUDQVIHU LP 3KDVHQUDXP
RKQH(LQVFKUlQNXQJDXI2UWVDEELOGXQJ0LW LKUHU+LOIHN|QQHQ0|JOLFKNHLWHQXQG
*UHQ]HQEHLNRQNUHWHQ3UREOHPVWHOOXQJHQDXIJH]HLJWZHUGHQ
(LQH6WDQGDUGDXIJDEHQVWHOOXQJLQGHUQLFKWDEELOGHQGHQ2SWLNLVWGLH.RQ]HQWUD
WLRQ YRQ 6WUDKOXQJ GLH (UK|KXQJ GHU %HVWUDKOXQJVVWlUNH P|JOLFKVW QDKH DQ GHQ
SK\VLNDOLVFKHQ*UHQ]ZHUW0LW0HWKRGHQZLHGHP0DVFKQHLGHUQQDFK5DQGVWUDK
OHQNDQQGLHVH$XIJDEHLQNRQNUHWHQ)lOOHQJHO|VWZHUGHQ
'LHVH DQDO\WLVFKHQ 0HWKRGHQ N|QQHQ MHGRFK QLFKW LQ DOOHQ )lOOHQ DQJHZDQGW
ZHUGHQXQGEHUFNVLFKWLJHQSUDNWLVFKH(LQVFKUlQNXQJHQRGHU0DWHULDOHLJHQVFKDIWHQ
QLFKW0LW6WUDKOYHUIROJXQJVUHFKQXQJHQNDQQGLH/HLVWXQJVIlKLJNHLWHLQHVRSWLVFKHQ
6\VWHPVEHUHFKQHWZHUGHQ
$QDO\WLVFK JHIXQGHQH (QWZUIH N|QQHQ VR XQWHU %HUFNVLFKWLJXQJ YRQ UHDOLVWL
VFKHQ 5DKPHQEHGLQJXQJHQ YDULLHUW XQG LKUH /HLVWXQJVIlKLJNHLW LQ HLQHP 2SWLPLH
UXQJVSUR]HPD[LPLHUWZHUGHQ
1.1 Phasenraum und Konzentration 
1.1.1 Der Phasenraum der geometrischen Optik 
,P 5DKPHQ GHU JHRPHWULVFKHQ 2SWLN ZLUG /LFKWVWUDKOXQJ DOV %QGHO YRQ
6WUDKOHQ EHVFKULHEHQ (LQ HLQ]HOQHU 6WUDKO LP 5DXP ZLUG GXUFK HLQH *HUDGH
LGHDOLVLHUW FKDUDNWHULVLHUW GXUFK HLQHQ 3XQNW XQG HLQHQ 5LFKWXQJVYHNWRU =XU
YROOVWlQGLJHQ %HVFKUHLEXQJ EH]LHKWPDQ VLFK DXI HLQH 5HIHUHQ]IOlFKH GLH YRQ
DOOHQ6WUDKOHQGHV%QGHOVJHQDXHLQPDOJHVFKQLWWHQZLUG'LH]ZHL2UWVNRRUGL
QDWHQGHV6FKQLWWSXQNWHVLP6\VWHPGHU5HIHUHQ]IOlFKHXQGGLH]ZHL.RRUGLQD
WHQ GHU 3URMHNWLRQ GHV 5LFKWXQJVYHNWRUV DXI GLH 5HIHUHQ]IOlFKH VSDQQHQ HLQHQ
YLHUGLPHQVLRQDOHQ3KDVHQUDXPDXI V$EELOGXQJ :HOIRUG'HUYROO
VWlQGLJH3KDVHQUDXPGHUJHRPHWULVFKHQ2SWLNKDW]XVlW]OLFKQRFKHLQHVSHNWUDOH
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

XQG HLQH ]HLWOLFKH .RPSRQHQWH /DQGDX  5LHV  'D VSHNWUDOH RGHU
]HLWOLFKH bQGHUXQJHQ KLHU QLFKW EHWUDFKWHW ZHUGHQ JLOW LP ZHLWHUHQ GLH (LQ
VFKUlQNXQJDXIGHQYLHUGLPHQVLRQDOHQJHRPHWULVFKHQ8QWHUUDXP
x
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x
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$EELOGXQJ  &KDUDNWHULVLHUXQJ HLQHV 6WUDKOHV LP 5DXP PLWWHOV HLQHU 5HIHUHQ]IOlFKH 'HU
6WUDKOVFKZDU]H/LQLHVFKQHLGHWGLH5HIHUHQ]IOlFKHJUDXH(EHQHLQHLQHP3XQNWGHUGXUFKGLH
[XQG\.RRUGLQDWHQLQGHU)OlFKHHLQGHXWLJIHVWJHOHJWLVW'LH5LFKWXQJGHV6WUDKOHVZLUGGXUFK
GLH3URMHNWLRQGHV(LQKHLWV5LFKWXQJVYHNWRUVGHV6WUDKOHVLQGLH5HIHUHQ]IOlFKHPLWGHQ.RPSR
QHQWHQkxXQGkyHLQGHXWLJIHVWJHOHJW
'DV9ROXPHQLQGLHVHP3KDVHQUDXPZLUGDOV(WHQGXH(EH]HLFKQHW'DV9R
OXPHQHOHPHQWLVWGHILQLHUWDOV
 AnAnyxkkn yx ddddddddd
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
+LHUEHLLVWnGHU%UHFKXQJVLQGH[GHV0HGLXPVLQGHPVLFKGHU6WUDKOEHILQ
GHW'DV3URGXNWDXVdkxXQGdky ZLUGDXFKDOVSURML]LHUWHV5DXPZLQNHOHOHPHQW
∗Ωd EH]HLFKQHWGDHVGLH3URMHNWLRQGHVJHULFKWHWHQ5DXPZLQNHOHOHPHQWV Ω
r
d 
DXIGDVJHULFKWHWH)OlFKHQHOHPHQW A
r
d GDUVWHOOW:HOIRUG%RUQ(LQ
3XQNW LP3KDVHQUDXPZLUG LPZHLWHUHQPLW YLHUGLPHQVLRQDOHQ9HNWRU ;  XQG
HLQ*HELHWLP3KDVHQUDXPPLW;EH]HLFKQHW
'LH6WUDKOGLFKWHL LVWDOVGHU6WUDKOXQJVIOXΦSUR3KDVHQUDXPYROXPHQGH
ILQLHUW'HU6WUDKOXQJVIOXKDWGLH'LPHQVLRQHLQHU/HLVWXQJ
 (ddΦ=L  
'HPHQWVSUHFKHQG LVW GHU JHVDPWH 6WUDKOXQJVIOX Φ HLQHV 6WUDKOHQEQGHOV
GDVGDV*HELHW;LP3KDVHQUDXPDXVIOOW
 (;
;
d∫=Φ )L(  
3KDVHQUDXPXQG.RQ]HQWUDWLRQ

'LH %HVWUDKOXQJVVWlUNHE LVW GHU 6WUDKOXQJVIOX GXUFK HLQ )OlFKHQHOHPHQW
'LH6WUDKOGLFKWHZLUGEHUGHQJHVDPWHQ5LFKWXQJVKDOEUDXPLQWHJULHUW
 *d
d
d Ω=Φ= ∫
π
)L(
A
E ;  
'LH6WUDKOVWlUNHILVWGHU6WUDKOXQJVIOXDXVHLQHPSURML]LHUWHQ5DXPZLQNHO
HOHPHQW'LH6WUDKOGLFKWHZLUGEHUGLHJHVDPWH)OlFKHLQWHJULHUW
 A)L(I
A
d
d
d
* ∫=Ω
Φ= ;  
(LQHZHLWHUJHKHQGH%HVFKUHLEXQJGHUIRWRPHWULVFKHQ*U|HQLP5DKPHQGHU
JHRPHWULVFKHQ2SWLNLVWLQ%RUQ]XILQGHQ
(VLVWOHLFKWHUVLFKWOLFKGDGLH:DKOGHU5HIHUHQ]IOlFKHGLH)RUPGHV*HELH
WHV EHHLQIOXW GDV HLQH EHVWLPPWH EHWUDFKWHWH 6WUDKOXQJ LP 3KDVHQUDXP HLQ
QLPPW 'DV (WHQGXH GHU 6WUDKOXQJ LVW MHGRFK XQDEKlQJLJ YRQ GHU :DKO GHU
5HIHUHQ]IOlFKH:HOIRUG'DV(WHQGXHLVWHLQH(UKDOWXQJVJU|HXQWHUDOOHQ
7UDQVIRUPDWLRQHQ EHL GHQHQ NHLQH 6WUDKODXIVSDOWXQJ RGHU 6WUDKODXIZHLWXQJ
YRUNRPPW :HOIRUG  %RUQ 'LHV LVW GHU)DOO EHL LGHDOHUHU5HIOH[LRQ
RGHU%UHFKXQJPLWLGHDOHU7UDQVPLVVLRQ)UGLHIROJHQGHQ%HWUDFKWXQJHQZLUG
YRQRSWLVFKHQ6\VWHPHQDXVJHJDQJHQGLHGDV(WHQGXHGHU6WUDKOXQJGLHVLHSDV
VLHUWHUKDOWHQ
%HL WUDQVODWLRQVLQYDULDQWHQ $QRUGQXQJHQ LVW HV RIW DXVUHLFKHQG GLH 6WUDK
OXQJ LQQHUKDOE HLQHU (EHQH VHQNUHFKW ]XU 7UDQVODWLRQVULFKWXQJ ]X EHWUDFKWHQ
0DQ VSULFKW KLHUEHL YRQ ]ZHLGLPHQVLRQDOHQ $QRUGQXQJHQ (LQ %HLVSLHO IU
]ZHLGLPHQVLRQDOH3UREOHPVWHOOXQJHQLVWGLH%HOHXFKWXQJPLWODQJDXVJHGHKQWHQ
/HXFKWVWRIIU|KUHQ 5HIOHNWRUHQ KLHUIU ZHUGHQ LP DOOJHPHLQHQ ULQQHQI|UPLJ
DOVRQXULP6FKQLWWVHQNUHFKW]XU5|KUHQDFKVHHQWZRUIHQ,QGLHVHP)DOOUHLFKHQ
]XU%HVFKUHLEXQJHLQHV6WUDKOHVGHU2UWDXIHLQHU5HIHUHQ]OLQLHxXQGGLH3URMHN
WLRQVHLQHU5LFKWXQJDXIGLHVH/LQLHkxDXV'LHVHEHLGHQ.RPSRQHQWHQVSDQQHQ
GHQ]ZHLGLPHQVLRQDOHQ3KDVHQUDXPGHU]ZHLGLPHQVLRQDOHQ2SWLNDXI'DV9R
OXPHQHOHPHQWLVWGDQQ
 xkn x
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
$EELOGXQJ ]HLJW HLQ%HLVSLHO IU6WUDKOXQJ LP]ZHLGLPHQVLRQDOHQ5DXP
XQGLKUH5HSUlVHQWDWLRQLP3KDVHQUDXP
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

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$EELOGXQJD6WUDKOHQLP]ZHLGLPHQVLRQDOHQSK\VLNDOLVFKHQ5DXP'LH6WUDKOHQIDOOHQDXI
GHP$EVFKQLWWdAGHUVFKZDU]JH]HLFKQHWHQ5HIHUHQ]OLQLHXQWHUHLQHP:LQNHOYRQ±θ]XU1RU
PDOHQGHU5HIHUHQ]OLQLHHLQ'HUH[HPSODULVFKHLQJH]HLFKQHWH6WUDKO JHVWULFKHOWH/LQLHVFKQHL
GHWGLH5HIHUHQ]OLQLHEHLFDYRQdAXQGNRPPWDXVHLQHP:LQNHOGHUHWZDVNOHLQHULVWDOV
GHUPD[LPDOH:LQNHOθ E ,P3KDVHQUDXP IOOW GLH 6WUDKOXQJ HLQ5HFKWHFN GD VLFK LQ GHU
|UWOLFKHQ'LPHQVLRQEHUdAXQGLQGHUkx¥'LPHQVLRQYRQ–sinθELVsinθHUVWUHFNW
1.1.2 Die Schiefe in drei Dimensionen 
'UHLGLPHQVLRQDOH RSWLVFKH 6\VWHPH VLQG RIW URWDWLRQVV\PPHWULVFK XP HLQH
RSWLVFKH$FKVHDXIJHEDXW,QGLHVHP)DOOLVWGLH6FKLHIH6HLQHV6WUDKOHVHEHQIDOOV
HLQH(UKDOWXQJVJU|H:HOIRUG
 )( rnpa
rrr
⋅×⋅=6  
+LHUEHL LVW a
r
GHU5LFKWXQJVYHNWRUGHURSWLVFKHQ$FKVH p
r
GHU2UWVYHNWRUHL
QHV3XQNWHVDXIGHP6WUDKOXQG r
r
GHU5LFKWXQJVYHNWRUGHV6WUDKOHV'LH6FKLHIH
ELOGHWGDPLWHLQ$QDORJRQ]XP%DKQGUHKLPSXOVHLQHV7HLOFKHQV LQGHU0HFKD
QLN
'DGLH6FKLHIHMHGHV6WUDKOHVLQHLQHP5RWDWLRQVV\PPHWULVFKHQRSWLVFKHQ6\
VWHPHUKDOWHQ LVW LVW DXFKGLH6FKLHIHYHUWHLOXQJ 6( dd  IU HLQ6WUDKOHQEQGHO
HUKDOWHQ :HOIRUG%RUW]5LHV5LHV:HQQQXQHLQRSWL
VFKHV6\VWHPHQWZRUIHQZHUGHQVROOGDV6WUDKOXQJYRQHLQHU4XHOOHDXIHLQ=LHO
EHUWUlJWPX ]ZHLHUOHL EHDFKWHW ZHUGHQ'DV(WHQGXH GHU =LHOVWUDKOXQJGDUI
QLFKWNOHLQHUVHLQDOVGDV(WHQGXHGHU4XHOOVWUDKOXQJZHLOVRQVW6WUDKOXQJYHUOR
UHQJLQJH*HQDXVRPVVHQLP)DOOHHLQHVURWDWLRQVV\PPHWULVFKHQ6\VWHPVDEHU
DXFK GLH 6FKLHIHYHUWHLOXQJHQ YRQ 4XHOO XQG =LHOVWUDKOXQJ ]XHLQDQGHU SDVVHQ
'LHhEHUIKUXQJHLQHU6FKLHIHYHUWHLOXQJ LQHLQHDQGHUH LVWQXUXQWHU%UHFKXQJ
GHU5RWDWLRQVV\PPHWULHP|JOLFK6KDW]
3KDVHQUDXPXQG.RQ]HQWUDWLRQ

1.1.3 Konzentration von Strahlung 
)ROJHQGH $XIJDEHQVWHOOXQJ LVW HLQ JUXQGOHJHQGHV XQG KlXILJHV 3UREOHP LQ
GHU JHRPHWULVFKHQ2SWLN 6WUDKOXQJGLHDXI HLQHU JHJHEHQHQ)OlFKHA DXIWULIIW
XQGHLQJHJHEHQHV(WHQGXH(DXVIOOW GLH4XHOOH VROOYHUOXVWIUHLDXIHLQH=LHO
IOlFKH ’A EHUWUDJHQZHUGHQ'HU6WUDKOXQJVIOXDXIAVHLΦ 'LH=LHOIOlFKH ’A  
VROOP|JOLFKVWNOHLQZHUGHQGLH%HVWUDKOXQJVVWlUNH]ZLVFKHQAXQG ’A  DOVR VR
ZHLWZLHP|JOLFKHUK|KWZHUGHQ+RKH%HVWUDKOXQJVVWlUNHQHUK|KHQGHQHUUHLFK
EDUHQ:LUNXQJVJUDGEHLGHUWKHUPLVFKHQ1XW]XQJYRQ6RODUVWUDKOXQJLQGHPVLH
GLH 3UR]HWHPSHUDWXU HUK|KHQ XQG $EVWUDKOXQJVYHUOXVWH YHUULQJHUQ RGHU GDV
6LJQDO]X5DXVFK9HUKlOWQLV EHL 6WUDKOXQJVGHWHNWRUHQ +LQWHUEHUJHU  5DEO
2XHOHWWHYHUEHVVHUQ
8PHLQHPLQLPDOHUlXPOLFKH$XVGHKQXQJA‘]XHU]LHOHQPXGLH6WUDKOXQJ
GLH PD[LPDOH $XVGHKQXQJ LP SURML]LHUWHQ 5DXPZLQNHO ’∗Ω  HUUHLFKHQ GD GDV
(WHQGXH(GHU6WUDKOXQJDOV3URGXNWYRQEHLGHQHUKDOWHQEOHLEW'HUSURML]LHUWH
5DXPZLQNHONDQQPD[LPDOGHQ:HUWYRQπDQQHKPHQZDVGDQQEHGHXWHWGD
GLH6WUDKOXQJDXVGHPYROOHQ+DOEUDXPDXI ’A HLQIlOOW'HPHQWVSUHFKHQGLVWGLH
PLQLPDOH)OlFKH min’A GXUFKGLHGLH6WUDKOXQJPLWGHP(WHQGXH(WUHWHQNDQQ
 )(’ 2min nA ⋅π= (  
'DV9HUKlOWQLVGHU%HVWUDKOXQJVVWlUNHQEXQG ’E DXIGHQ)OlFKHQAXQG ’A  
ZLUGDOV.RQ]HQWUDWLRQCEH]HLFKQHW:HOIRUG
 EEC /’=  
'LHPD[LPDOHUUHLFKEDUH.RQ]HQWUDWLRQCmaxLVWLPEHWUDFKWHWHQ)DOODOVR

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
'LHV JLOW DEHU QXU XQWHU GHU%HGLQJXQJ GD DOOH HLQIDOOHQGH 6WUDKOXQJ DXI
GDV=LHOEHUWUDJHQZLUG%HLQLFKWNRQVWDQWHU6WUDKOGLFKWH max)( LL ≤; GHUHLQ
IDOOHQGHQ6WUDKOXQJNDQQPDQHLQHK|KHUH.RQ]HQWUDWLRQHUUHLFKHQZHQQPDQ
QXU6WUDKOXQJPLWUHODWLYKRKHU6WUDKOGLFKWHHLQEH]LHKWXQG6WUDKOXQJPLWQLHG
ULJHUHU6WUDKOGLFKWHYHUZLUIW0LQDQR,QGLHVHP)DOOHJLOW

∫
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max  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
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

:HQQIUHLQHQ7HLOGHU6WUDKOXQJJLOW max)( LL ≠; LVWCmaxQXU]XHUUHLFKHQ
ZHQQGLHVHU7HLOGHU6WUDKOXQJQLFKW]XP=LHOEHUWUDJHQZLUG'DV9HUKlOWQLV
]ZLVFKHQGHP6WUDKOXQJVIOX ’Φ DXIA‘XQGGHPHLQIDOOHQGHQ6WUDKOXQJVIOXΦ 
ZLUGDOV7UDQVPLVVLRQ τ EH]HLFKQHW
 ΦΦ=τ ’  
'DPDQLP)DOOHYRQXQJOHLFKPlLJHU6WUDKOGLFKWHYHUWHLOXQJ )(;L DOVRHQW
ZHGHU HLQH KRKH 7UDQVPLVVLRQ τ  RGHU HLQH KRKH .RQ]HQWUDWLRQ C HUUHLFKHQ
NDQQDEHUQLFKW 1=τ XQG maxCC = ]XJOHLFKWUlJWPDQGLHHUUHLFKEDUHQ:HUWH
VLQQYROOHUZHLVHLQHLQHU.HQQOLQLHJHJHQHLQDQGHUDXI6SLUNO6SLUNO
'LH.RQ]HQWUDWLRQZLUGDXFKUHODWLY]XP0D[LPXPDXIJHWUDJHQ
 maxCCCrel =  
'LHVH .HQQOLQLHQ NDQQ PDQ EHUHFKQHQ LQGHP PDQ IU MHGHQ :HUW GHU
6WUDKOGLFKWH TL  ]ZLVFKHQ 0=TL  XQG maxLLT =  GLHPD[LPDO HUUHLFKEDUH .RQ
]HQWUDWLRQ TC XQGGLH]XJHK|ULJH7UDQVPLVVLRQ Tτ EHUHFKQHW6HL T( GDV(WHQ
GXHGHU6WUDKOXQJIUGLHJLOW
 TLL ≥)(;  
'LHVH 6WUDKOXQJ IOOH GDV *HELHW T;  LP 3KDVHQUDXP DXV XQG WUDJH GHQ
6WUDKOXQJVIOX TΦ 'DQQJLOW

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
$EELOGXQJ  ]HLJW UHVXOWLHUHQGH .HQQOLQLHQ IU NRQVWDQWH XQG XQJOHLFK
PlLJH6WUDKOGLFKWHYHUWHLOXQJ )(;L :lKUHQGPDQEHLNRQVWDQWHU6WUDKOGLFKWH
YHUWHLOXQJ )(;L GDV0D[LPXPGHU.RQ]HQWUDWLRQEHLYROOVWlQGLJHU7UDQVPLVVLRQ
HUUHLFKW JHVWULFKHOWH /LQLH JHOLQJW GLHVHV EHL XQJOHLFKPlLJHU 6WUDKOGLFKWHYHU
WHLOXQJQLFKW'LHJHSXQNWHWH/LQLHZXUGHIU6WUDKOXQJEHUHFKQHWGLHLP5LFK
WXQJVUDXPHLQH*DXVVI|UPLJH6WUDKOGLFKWHYHUWHLOXQJDXV]HLFKQHW
3KDVHQUDXPXQG.RQ]HQWUDWLRQ

'LH VR EHUHFKQHWHQ .HQQOLQLHQ VWHOOHQ GLH WKHUPRG\QDPLVFK EHJUQGHWH
2EHUJUHQ]HGDUGLHPDQPLWHLQHPRSWLVFKHQ6\VWHPHUUHLFKHQNDQQ(VZHUGHQ
NHLQHUOHL 9HUOXVWH EHUFNVLFKWLJW 6LH JHEHQ VRPLW GLH PD[LPDO HUUHLFKEDUH
7UDQVPLVVLRQ IU JHJHEHQH .RQ]HQWUDWLRQ XQG DXFK GLH PD[LPDOH .RQ]HQWUD
WLRQ IU JHJHEHQH 7UDQVPLVVLRQ DQ 'LH .HQQOLQLHQ IU UHDOLVLHUEDUH %DXWHLOH
ZHUGHQLPPHUXQWHUKDOEGLHVHU.HQQOLQLHQEOHLEHQGDKLHU]XVlW]OLFKQRFK9HU
OXVWHDXIWUHWHQGLH VRZRKOGLH7UDQVPLVVLRQDOVDXFKGLH.RQ]HQWUDWLRQYHUULQ
JHUQ
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Relative Konzentration Crel 
$EELOGXQJ  .HQQOLQLHQ IU GLH .RQ]HQWUDWLRQ YRQ 6WUDKOXQJ VWHOOHQ GLH HUUHLFKEDUH 7UDQV
PLVVLRQEHLJHJHEHQHU.RQ]HQWUDWLRQGDU(VVLQG.HQQOLQLHQIUJOHLFKPlLJH JHVWULFKHOWH/L
QLH XQG HLQH XQJOHLFKPlLJH JHSXQNWHWH/LQLH 6WUDKOGLFKWHYHUWHLOXQJ )(;L GDUJHVWHOOW )(;L 
ZHLVWKLHUHLQHURWDWLRQVV\PPHWULVFKH*DXVVI|UPLJH9HUWHLOXQJLP5LFKWXQJVUDXPDXI
%HLP%HWUDFKWHQGHU.HQQOLQLHQLQ$EELOGXQJZLUGNODUGDHVLP)DOOH
YRQ XQJOHLFKPlLJHU 6WUDKOGLFKWHYHUWHLOXQJ )(;L  NHLQH HLQGHXWLJH 'HILQLWLRQ
HLQHVLGHDONRQ]HQWULHUHQGHQ6\VWHPVJHEHQNDQQGDPDQLPPHU7UDQVPLVVLRQ
JHJHQ.RQ]HQWUDWLRQDEZlJHQPX)UGLHPHLVWHQ(QWZUIHZLUG MHGRFKYRQ
HLQHUJOHLFKPlLJHQ6WUDKOGLFKWHYHUWHLOXQJDXVJHJDQJHQ'HVZHJHQZLUG LPIRO
JHQGHQHLQRSWLVFKHV6\VWHPGDVHLQHJHJHEHQH6WUDKOXQJDXIGLHPLQLPDOH)Ol
FKH min’A  QDFK *OHLFKXQJ    EHUWUlJW DOV LGHDOHU .RQ]HQWUDWRU IU GLHVH
6WUDKOXQJ EH]HLFKQHW $Q]XPHUNHQ EOHLEW GD DOOHLQ DXV *UQGHQ GHU (WHQ
GXHHUKDOWXQJ MHGHU .RQ]HQWUDWRU IU HLQH VSH]LILVFKH (LQVWUDKOXQJ LGHDO LVW
'LHVH6WUDKOXQJ OlW VLFKHUPLWWHOQ LQGHPPDQGHQ6WUDKOZHJXPNHKUW:HQQ
PDQ HLQH GLIIXV OHXFKWHQGH /LFKWTXHOOH LQ GLH $XVWULWWVDSHUWXU HLQHV .RQ]HQ
WUDWRUVEULQJWHU]HXJWGLHVHDXIGHVVHQ(LQWULWWVDSHUWXUJHQDXGLH6WUDKOXQJGLH
ZHQQPDQLKUH5LFKWXQJXPNHKUWJHQDXZLHGHUGLH$XVWULWWVDSHUWXUGLIIXVDXV
OHXFKWHQZUGH7LPLQJHU'LHVH(LQVWUDKOXQJVWLPPWMHGRFKLPDOOJHPHL
QHQQLFKWPLWGHU(LQVWUDKOXQJEHUHLQIUGLHGHU.RQ]HQWUDWRUNRQ]LSLHUWLVW
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

'DV3ULQ]LSGHU8PNHKUGHV6WUDKOZHJHVELOGHWGLH*UXQGODJHHLQHULP5DKPHQ
GLHVHU $UEHLW HQWZLFNHOWHQ RSWLVFKHQ 0HPHWKRGH ]XU &KDUDNWHULVLHUXQJ YRQ
QLFKWDEELOGHQGHQ5HIOHNWRUHQV$EVFKQLWW
1.2 Nichtabbildende Optik 
8P6WUDKOXQJ YRQ HLQHU)OlFKH DXI HLQH DQGHUH ]XEHUWUDJHQ LVW HVQLFKW
QRWZHQGLJ MHGHQ 3XQNW GHU HLQHQ )OlFKH DXI GLH DQGHUH DE]XELOGHQ ,Q GHU
QLFKWDEELOGHQGHQ 2SWLN EHIDW PDQ VLFK PLW *UXQGODJHQ XQG 0HWKRGHQ YRQ
JHRPHWULVFKHU 2SWLN IU 6WUDKOXQJVWUDQVIHU RKQH (LQVFKUlQNXQJ DXI 3XQNW]X
3XQNW$EELOGXQJ $EELOGXQJ  ]HLJW GDV 3ULQ]LS GHU $EELOGXQJ LP 3KDVHQ
UDXP GHU ]ZHLGLPHQVLRQDOHQ 2SWLN 6WUDKOHQ YRQ HLQHP 2UW DXI GHU 4XHOOH
ZHUGHQDXI HLQHQ2UWDXIGHP=LHOEHUWUDJHQ'LHVH(LQVFKUlQNXQJJLOWQLFKW
IU GLH QLFKWDEELOGHQGH 2SWLN ZLH LQ $EELOGXQJ  JH]HLJW LVW 'LH QLFKWDE
ELOGHQGH2SWLNEHKDQGHOWGLHSK\VLNDOLVFKHQ$VSHNWHYRQ6WUDKOXQJVWUDQVIHUYRQ
HLQHP*HELHW LP3KDVHQUDXP LQ HLQDQGHUHVXQG OLHIHUW DQDO\WLVFKH0HWKRGHQ
]XP(QWZXUIYRQRSWLVFKHQ%DXHOHPHQWHQ
k
x
Ort x Ort x
k
x

$EELOGXQJ  $EELOGHQGH2SWLN LP ]ZHLGLPHQVLRQDOHQ 3KDVHQUDXP 6WUDKOHQ YRQ HLQHP2UW
DXIGHU4XHOOH3IHLOOLQNVZHUGHQDXIHLQHQ3XQNWDXIGHP=LHO3IHLOUHFKWVEHUWUDJHQ
k x
Ort x Ort x
k x

$EELOGXQJ1LFKWDEELOGHQGH2SWLN LP]ZHLGLPHQVLRQDOHQ3KDVHQUDXP6WUDKOHQYRQHLQHP
2UWDXIGHU4XHOOH3IHLOOLQNVZHUGHQDXIYHUVFKLHGHQH2UWHDXIGHP=LHOUHFKWVEHUWUDJHQ
1LFKWDEELOGHQGH2SWLN

(VLVWOHLFKWHLQ]XVHKHQGDGHU9HU]LFKWDXIDEELOGHQGH(LJHQVFKDIWHQQHXH
)UHLKHLWVJUDGHEHLGHU*HVWDOWXQJYRQRSWLVFKHQ6\VWHPHQELHWHW
,PIROJHQGHQZLUGNXU]VNL]]LHUWZDUXPDEELOGHQGH6\VWHPHQLFKWGLHPD[L
PDOH.RQ]HQWUDWLRQHUUHLFKHQN|QQHQZHQQVLHPLW$EHUUDWLRQHQEHKDIWHWVLQG
:HQQPDQ6WUDKOXQJDXIHLQH=LHOIOlFKHPLWGHUPLQLPDOHQ$XVGHKQXQJQDFK
*OHLFKXQJ PLWHLQHPDEELOGHQGHQ6\VWHPEHUWUDJHQDOVRHLQHQLGHDOHQ
DEELOGHQGHQ.RQ]HQWUDWRU HQWZHUIHQ ZLOOPXPDQ GHQ5DQG GHU4XHOOH DXI
GHQ 5DQG GHU =LHOIOlFKH DEELOGHQ 8P NHLQH 6WUDKOXQJ ]X YHUOLHUHQ GDUI GDV
DEELOGHQGH6\VWHPNHLQH$EHUUDWLRQHQKDEHQGDVRQVW6WUDKOXQJEHUGHQ5DQG
GHUPLQLPDOHQ=LHOIOlFKHKLQDXV ¶OHFNW©$OOHLQDXV*UQGHQGHU(WHQGXHHUKDO
WXQJN|QQHQGLH$EHUUDWLRQHQGLH6WUDKOXQJDXIGHP5DQGQLFKWQXU]XP%LOG
KLQ DEZHLFKHQ ODVVHQ*OHLFK]HLWLJ NRPPW LQ GLHVHP)DOO GLH 6WUDKOXQJ DXI MH
GHP3XQNWGHU=LHOIOlFKHDXVGHPJHVDPWHQ+DOEUDXP(LQDEELOGHQGHV6\VWHP
PWHDOVRDEHUUDWLRQVIUHLPLWHLQHUQXPHULVFKHQ$SHUWXUYRQDEELOGHQ(LQH
DEHUUDWLRQVIUHLH $EELOGXQJ YRQ DXVJHGHKQWHQ%LOGHUQ EHU DXVJHGHKQWH 6WUDK
OHQEQGHOLVWMHGRFKQLFKWP|JOLFK+XQGW/DQGDX
0LW+LOIH GHU 3ULQ]LSLHQ GHU QLFKWDEELOGHQGHQ2SWLN LVW HV LQ YLHOHQ)lOOHQ
P|JOLFKRSWLVFKH6\VWHPH]XHQWZHUIHQGLH6WUDKOXQJYROOVWlQGLJDXIGLHPLQL
PDOH)OlFKH]XNRQ]HQWULHUHQ ,PIROJHQGHQ$EVFKQLWWZLUGHLQHVGLHVHU3ULQ]L
SLHQQlKHUHUOlXWHUW
1.2.1 Das Randstrahlenprinzip 
8P6WUDKOXQJDXVHLQHP*HELHWLP3KDVHQUDXPYROOVWlQGLJLQHLQDQGHUHV]X
EHUWUDJHQUHLFKWHVDXV]XJHZlKUOHLVWHQGDDOOH6WUDKOXQJYRP5DQGGHVHL
QHQ *HELHWHV LP 3KDVHQUDXP DXI GHQ 5DQG GHV DQGHUHQ *HELHWHV EHUWUDJHQ
ZLG+LHUEHL NDQQ DXFKQRFK HLQZHLWHUHV*HELHW DOV+LOIVPHQJHKLQ]XJH]RJHQ
ZHUGHQ 'LHVHV VRJHQDQQWH 5DQGVWUDKOHQSULQ]LS NDQQ PDQ DXV GHQ WRSRORJL
VFKHQ(LJHQVFKDIWHQGHURSWLVFKHQ7UDQVIHUIXQNWLRQLP3KDVHQUDXPGHUJHRPH
WULVFKHQ 2SWLN KHUOHLWHQ :HOIRUG  5LHV  $EELOGXQJ  YHUDQ
VFKDXOLFKWGDV5DQGVWUDKOHQSULQ]LSLP]ZHLGLPHQVLRQDOHQ3KDVHQUDXP
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

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$EELOGXQJ'DV5DQGVWUDKOHQSULQ]LSGHUQLFKWDEELOGHQGHQ2SWLN8P6WUDKOXQJDXVHLQHP
*HELHWLP3KDVHQUDXPLQHLQDQGHUHV]XEHUWUDJHQJUDXHU3IHLOUHLFKWHVDXVVLFKHU]XVWHOOHQ
GDGHU5DQGGHVHLQHQ*HELHWHVDXIGHQ5DQGGHVDQGHUHQ*HELHWHVEHUWUDJHQZLUGVFKZDU]HU
3IHLO
'DV5DQGVWUDKOHQSULQ]LSOLHIHUWDXFKHLQH9RUVFKULIW]XP(QWZXUIYRQQHXHQ
RSWLVFKHQ 6\VWHPHQ %HL ]ZHLGLPHQVLRQDOHQ 3UREOHPVWHOOXQJHQ VLQG GLH 5DQG
VWUDKOHQ HLQHV NRPSDNWHQ*HELHWHV LP3KDVHQUDXPHLQH HLQGLPHQVLRQDOH0DQ
QLJIDOWLJNHLW ZLH ]XP %HLVSLHO GHU GXUFK HLQH VFKZDU]H /LQLH JHNHQQ]HLFKQHWH
5DQGGHU0HQJHLQ$EELOGXQJ0DQNDQQGLH5DQGVWUDKOHQYRQ4XHOOXQG
=LHOVWUDKOXQJSDUDPHWHULVLHUHQXQGHLQH5HFKHQYRUVFKULIWHQWZLFNHOQGLHEHLGH
0HQJHQDXIHLQDQGHUDEELOGHW$EELOGXQJYHUDQVFKDXOLFKWGLHVHVVRJHQDQQWH
0DVFKQHLGHUQ QDFK 5DQGVWUDKOHQ )ULHGPDQ  *RUGRQ  5LHV 
2QJ)ULHGPDQ)ULHGPDQ-HQNLQV7VFKXGL
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$EELOGXQJ  0DVFKQHLGHUQ QDFK 5DQGVWUDKOHQ 'HU 5HIOHNWRU JUDXH /LQLH UHIOHNWLHUW DQ
MHGHU6WHOOHHLQHQ5DQGVWUDKOYRQGHU4XHOOH GXUFKJH]RJHQ LQHLQHQ5DQGVWUDKOGHV=LHOHVJH
VWULFKHOW'LH3DUDPHWHUaQuelleXQGaZiel SDUDPHWHULVLHUHQGLH5DQGVWUDKOHQYRQ4XHOOHXQG=LHO
'LH3DUDPHWHUaQuelleXQGaZielSDUDPHWHULVLHUHQGLH3KDVHQUDXPUDQGVWUDKOHQ
YRQ4XHOOHGXUFKJH]RJHQXQG=LHOJHVWULFKHOW0DQEHJLQQWPLWGHP5HIOHNWRU
1LFKWDEELOGHQGH2SWLN

JUDXH/LQLHDQHLQHPJHHLJQHWHQ6WDUWSXQNW$QGLHVHP3XQNWPVVHQVLFK MH
HLQ5DQGVWUDKOYRQ4XHOOHXQG=LHOVFKQHLGHQ'HU5HIOHNWRULVWDQGLHVHU6WHOOH
VR JHQHLJW GD HU GHQ4XHOO6WUDKO LQ GHQ=LHO6WUDKO UHIOHNWLHUW0LW HLQHU5H
FKHQYRUVFKULIW ZHUGHQ GDQQ GLH QlFKVWHQ ]ZHL 6WUDKOHQ JHIXQGHQ DQ GHUHQ
6FKQLWWSXQNW GHU5HIOHNWRU IRUWJHVHW]W ZHUGHQ NDQQ'LH5HFKHQYRUVFKULIW VRUJW
GDIUGDGLH3DUDPHWHUaQuelleXQGaZiel LKUHQYROOHQ:HUWHEHUHLFKGXUFKODXIHQ
DOVRDOOH5DQGVWUDKOHQYRQ4XHOOHXQG=LHOEHUFNVLFKWLJWZHUGHQXQGGDGHU
UHVXOWLHUHQGH5HIOHNWRUVWHWLJLVW
'HU JURH9RUWHLO GHV0DVFKQHLGHUQV OLHJW GDULQ GDPDQQXUGLH0HQJH
GHU 5DQGVWUDKOHQ IU GHQ (QWZXUI GHV RSWLVFKHQ 6\VWHPV ]X EHUFNVLFKWLJHQ
EUDXFKWDEHUWURW]GHPGLHJHVDPWH6WUDKOXQJLP3KDVHQUDXPYROXPHQEHUWUD
JHQZLUG'DV0DVFKQHLGHUQVW|WDQ*UHQ]HQZHQQPHKUDOVHLQ5DQGVWUDKO
YRQ 4XHOOH RGHU =LHO GHQ 5HIOHNWRU DQ GHUVHOEHQ 6WHOOH VFKQHLGHQ %HL ]ZHLGL
PHQVLRQDOHQ3UREOHPVWHOOXQJHQNDQQGLHVH6LWXDWLRQLPDOOJHPHLQHQGXUFKGLH
:DKO HLQHV JHHLJQHWHQ 6WDUWSXQNWHV YHUPLHGHQ ZHUGHQ %HL GUHLGLPHQVLRQDOHQ
3UREOHPVWHOOXQJHQ LVW VLH MHGRFKXQYHUPHLGEDU1XU LQ$XQDKPHIlOOHQN|QQHQ
GDQQ DOOH HLQIDOOHQGHQ4XHOO5DQGVWUDKOHQPLW HLQHP5HIOHNWRUHOHPHQW LQ=LHO
5DQGVWUDKOHQEHUWUDJHQZHUGHQ)ULHGPDQ2QJ
1.2.2 Einige nichtabbildende Reflektorformen 
'HUEHNDQQWHVWHQLFKWDEELOGHQGH5HIOHNWRU]XU.RQ]HQWUDWLRQYRQ6WUDKOXQJ
LVWGHUª&RPSRXQG3DUDEROLF&RQFHQWUDWRUªLPZHLWHUHQ&3&5HIOHNWRUJHQDQQW
5DEO5DEO:HOIRUG(ULVWIU6WUDKOXQJNRQ]LSLHUWGLHEHU
GLH JDQ]H (LQWULWWVDSHUWXU DXV HLQHP JOHLFKPlLJHQ 5LFKWXQJVEHUHLFK HLQIlOOW
'LHVHU HUVWUHFNW VLFK YRQ ¥θ ELV θ ]XU 1RUPDOHQ DXI GHU $SHUWXU $EELOGXQJ
D]HLJWGLHVH6WUDKOXQJ LQ]ZHL'LPHQVLRQHQLPSK\VLNDOLVFKHQ5DXPXQG
$EELOGXQJ  DXFK LP 3KDVHQUDXP 'HU &3&5HIOHNWRU LVW DXV ]ZHL 3DUDEHO
lVWHQ ]XVDPPHQJHVHW]W -HGHU$VW UHIOHNWLHUW GLH 6WUDKOHQ GLH DXV HLQHUGHU H[
WUHPHQ 5LFKWXQJHQ NRPPHQ DXI GHQ JHJHQEHUOLHJHQGHQ 5DQG GHU
$XVWULWWVDSHUWXU $EELOGXQJ E 'DPLW EHUWUlJW GHU &3&5HIOHNWRU GLH
6WUDKOHQYRP5LFKWXQJVUDQGDXIGHU(LQWULWWVDSHUWXUDXIGHQ2UWVUDQGGHU$XV
WULWWVDSHUWXU :HOIRUG'LHVVLQGDEHUQLFKWDOOH5DQGVWUDKOHQLP3KDVHQ
UDXP GHU &3&5HIOHNWRU EHUWUlJW DXFK QLFKW GHQ JHVDPWHQ 5DQG GHU
4XHOOVWUDKOXQJ LP3KDVHQUDXPDXIGHQ5DQGGHU6WUDKOXQJDXIGHU$XVWULWWVD
SHUWXU (UVWPLW GHP YHUDOOJHPHLQHUWHQ5DQGVWUDKOHQSULQ]LS GDV ]XVlW]OLFK ]X
4XHOOH XQG =LHO QRFK +LOIVPHQJHQ LP 3KDVHQUDXP HLQEH]LHKW NRQQWH JH]HLJW
ZHUGHQ GD GHU &3&5HIOHNWRU LQ ]ZHL 'LPHQVLRQHQ HLQ LGHDOHU .RQ]HQWUDWRU
IUGLHEHVFKULHEHQH6WUDKOXQJLVW5LHV
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

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$EELOGXQJ 'HU ]ZHLGLPHQVLRQDOH&3&5HIOHNWRU D'LH6WUDKOXQJ IlOOW DXIGLH JDQ]H(LQ
WULWWVDSHUWXU DXV HLQHPNRQVWDQWHQ:LQNHOEHUHLFK V\PPHWULVFKXPGLH RSWLVFKH$FKVH HLQ'HU
gIIQXQJVZLQNHOGHU6WUDKOXQJLVWθ. EF-HGHU$VWGHV5HIOHNWRUVKDWGLH)RUPHLQHU3DUDEHO
'LH6WUDKOXQJDXVGHUHLQHUH[WUHPHQ5LFKWXQJZLUGDXIGHQ%UHQQSXQNWFDQGHUJHJHQEHUOLH
JHQGHQ6HLWHGHU$XVWULWWVDSHUWXUUHIOHNWLHUW
'HUGUHLGLPHQVLRQDOH&3&5HIOHNWRUJHKWDXVGHP]ZHLGLPHQVLRQDOHQGXUFK
5RWDWLRQXPGLHRSWLVFKH$FKVHKHUYRU:HOIRUG(ULVWIU6WUDKOXQJNRQ
]LSLHUW GLH DXV HLQHP 5LFKWXQJVNHJHO DXI GLH (LQWULWWVDSHUWXU HLQIlOOW 'LHVH
6WUDKOXQJNDQQHUDEHUQLFKWPHKUYROOVWlQGLJDXIGLH$XVWULWWVDSHUWXUEHUWUD
JHQ(LQ7HLO GHU6WUDKOHQGLHXQWHU:LQNHOQQDKHGHPQRPLQHOOHQgIIQXQJV
ZLQNHO θ ]XU 1RUPDOHQ DXI GLH (LQWULWWVDSHUWXU HLQIDOOHQ HUUHLFKHQ QLFKW GLH
$XVWULWWVDSHUWXU 6LH ZHUGHQ LP 5HIOHNWRU XPJHNHKUW XQG YHUODVVHQ LKQ ZLHGHU
GXUFKGLH(LQWULWWVDSHUWXU ,P*HJHQ]XJ HUUHLFKW HLQ7HLO GHU6WUDKOXQJDXHU
KDOE GHU QRPLQHOOHQ (LQVWUDKOXQJ GLH $XVWULWWVDSHUWXU 'HU GUHLGLPHQVLRQDOH
&3&5HIOHNWRU LVW DOVR NHLQ LGHDOHU .RQ]HQWUDWRU IU GLH 6WUDKOXQJ IU GLH HU
HQWZRUIHQLVW(LQHVHKUGHWDLOOLHUWH%HKDQGOXQJGHVGUHLGLPHQVLRQDOHQ&3&5H
IOHNWRUVLVWEHL:HOIRUGXQG5DEO]XILQGHQ
%HNDQQWH LGHDOH.RQ]HQWUDWRUHQIU6WUDKOXQJDXVHLQHPNRPSDNWHQ*HELHW
LP3KDVHQUDXPLQGUHL'LPHQVLRQHQVLQGGHU.RQXVXQGGLH7URPSHWHHLQ5R
WDWLRQVK\SHUERORLG5DEO2
*DOODJKHU:HOIRUG5LHV'LH
6WUDKOXQJGLHGHU.RQXVDN]HSWLHUWJHKWLQGLH6WUDKOXQJEHUIUGLHGHU&3&
5HIOHNWRU HQWZRUIHQ LVW ZHQQ PDQ GHQ .RQXV HQWODQJ VHLQHU RSWLVFKHQ $FKVH
XQHQGOLFKODQJDXVGHKQW6FK|IIHO(LQXQHQGOLFKODQJHU.RQXVZlUHDOVR
HLQ LGHDOHU.RQ]HQWUDWRU IU GLH 6WUDKOXQJ IU GLH GHU GUHLGLPHQVLRQDOH &3&
5HIOHNWRUNRQ]LSLHUWLVW
1LFKWDEELOGHQGH2SWLN

1.2.3 Grenzen der analytischen Methoden 
'LHDQDO\WLVFKHQ0HWKRGHQGHUQLFKWDEELOGHQGHQ2SWLN]XP(QWZHUIHQYRQ
RSWLVFKHQ 6\VWHPHQ ZLH ]XP %HLVSLHO GDV REHQ EHVFKULHEHQH 0DVFKQHLGHUQ
QDFK5DQGVWUDKOHQ RGHU GLH9HNWRUIOXPHWKRGH :LQVWRQ:LQVWRQ
N|QQHQ XQWHU EHVWLPPWHQ %HGLQJXQJHQ GHQ (QWZXUI HLQHV LGHDOHQ .RQ]HQWUD
WRUV HUP|JOLFKHQ'HU SUDNWLVFKH1XW]HQ LVW DEHU HLQLJHQ(LQVFKUlQNXQJHQXQ
WHUZRUIHQ
• %HLP0DVFKQHLGHUQQDFK5DQGVWUDKOHQLVWHLQH%HGLQJXQJGDDXIMHGHP
3XQNWGHV5HIOHNWRUVMHZHLOVHLQ5DQGVWUDKOGHU4XHOOHDXIHLQHQ5DQGVWUDKO
GHV =LHOHV DEJHELOGHW ZLUG 7UHIIHQ PHKUHUH 5DQGVWUDKOHQ YRQ 4XHOOH RGHU
=LHO DXI GHQVHOEHQ 2UW DP5HIOHNWRU NDQQ GHVVHQ1HLJXQJ LQ GHQPHLVWHQ
)lOOHQ QLFKWPHKU HLQGHXWLJ IHVWJHOHJW ZHUGHQ 'LHVH 3UREOHPDWLN NDQQ EHL
]ZHLGLPHQVLRQDOHQ3UREOHPVWHOOXQJHQDXIWDXFKHQLVWEHLGUHLGLPHQVLRQDOHQ
3UREOHPVWHOOXQJHQDEHUXQYHUPHLGEDU
• 'LH)RUPGHVRSWLVFKHQ6\VWHPVLVWDXIJUXQGGHVVFKULWWZHLVHQ9RUJHKHQVRIW
QLFKW LP YRUDXV HLQ]XVFKlW]HQ %HLP 0DVFKQHLGHUQ QDFK 5DQGVWUDKOHQ
NDQQ VLH ]XP%HLVSLHO VWDUN YRQGHU/DJH GHU=LHOIOlFKHXQGGHU:DKO GHV
6WDUWSXQNWHVDEKlQJHQ2QJ
• bXHUH 5DQGEHGLQJXQJHQ ZLH ]XP %HLVSLHO GLH (LQVFKUlQNXQJ GHU *U|H
GHV6\VWHPVN|QQHQQLFKWEHUFNVLFKWLJWZHUGHQ
• 'LH0HWKRGHQ LPSOL]LHUHQ JUXQGVlW]OLFK LGHDOH RSWLVFKH (LJHQVFKDIWHQ ZLH
]XP %HLVSLHO SHUIHNWH 5HIOHNWLYLWlW 5HIOH[LRQVYHUOXVWH GXUFK 0HKUIDFKUHIOH
[LRQHQ RGHU 2EHUIOlFKHQIHKOHU N|QQHQ GDQQ ]X (LQEXHQ EHL UHDOLVLHUWHQ
6\VWHPHQIKUHQ
• 'LH DQDO\WLVFKHQ 0HWKRGHQ VLQG QXU GD]X JHHLJQHW GLH JHVDPWH 6WUDKOXQJ
YRQGHU4XHOOHDXIHLQ=LHOPLQLPDOHU$XVGHKQXQJ]XEHUWUDJHQ(LQH5H
GXNWLRQ GHU 7UDQVPLVVLRQ ]XU 6WHLJHUXQJ GHU .RQ]HQWUDWLRQ EHL XQJOHLFK
PlLJHU6WUDKOGLFKWHYHUWHLOXQJZLHVLHLQ$EVFKQLWWEHVFKULHEHQLVWLVW
QLFKW H[SOL]LW YRUJHVHKHQ+LHUIUPXPDQ LPYRUKLQHLQGLH6WUDKOXQJJH
PlLKUHU6WUDKOGLFKWHDXVZlKOHQ
• ,QVEHVRQGHUH PLWWHOV 0DVFKQHLGHUQ HQWZRUIHQH 5HIOHNWRUHQ WHQGLHUHQ LQ
YLHOHQ)lOOHQGD]XVLFKYRP5DQGGHU4XHOOHELV]XP5DQGGHV=LHOHV]XHU
VWUHFNHQ DOVR GHQ JHVDPWHQ =ZLVFKHQUDXP HLQ]XVFKOLHHQ *RUGRQ 
6SLUNO :HQQ GLH 4XHOOH HLQH YRQ DXHQ EHOHXFKWHWH )OlFKH LVW ]XP
%HLVSLHOHLQYRQGHU6RQQHEHVFKLHQHQHV+HOLRVWDWHQIHOGZLHHVLQ$EVFKQLWW
EHVFKULHEHQLVWYHUVFKDWWHWGHU5HIOHNWRUGDQQGLHJHVDPWH4XHOOH
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

1.3 Strahlverfolgung und Optimierung 
,P OHW]WHQ$EVFKQLWWZXUGH VNL]]LHUWZDUXPGLHDQDO\WLVFKHQ0HWKRGHQGHU
QLFKWDEELOGHQGHQ 2SWLN QLFKW LPPHU GLUHNW ]X SUD[LVJHUHFKWHQ /|VXQJHQ IU
RSWLVFKH 3UREOHPVWHOOXQJHQ IKUHQ 'LH (UJHEQLVVH YRQ DQDO\WLVFKHQ (QWZXUIV
PHWKRGHQN|QQHQDEHUDOVVHKUJXWH*UXQGODJHIUSUDNWLVFKH(QWZUIHGLHQHQ
6R ZHUGHQ GUHLGLPHQVLRQDOH 6\VWHPH DXV ]ZHLGLPHQVLRQDOHQ 6FKQLWWHQ DXIJH
EDXWLQQHUKDOEGHUHUGDV0DVFKQHLGHUQQDFK5DQGVWUDKOHQDQJHZDQGWZHUGHQ
NDQQ ,QVEHVRQGHUHZHUGHQEHL URWDWLRQVV\PPHWULVFKHQGUHLGLPHQVLRQDOHQ3UR
EOHPVWHOOXQJHQ ]ZHLGLPHQVLRQDOH /|VXQJHQ JHIXQGHQ XQG GXUFK 5RWDWLRQ XP
GLH 6\PPHWULHDFKVH DXI GUHL 'LPHQVLRQHQ EHUWUDJHQ ZLH HV DP %HLVSLHO GHV
GUHLGLPHQVLRQDOHQ&3&5HIOHNWRUVEHVFKULHEHQZXUGH
0DQNDQQEHLGHQVRJHIXQGHQHQGUHLGLPHQVLRQDOHQ6\VWHPHQRIWGHQ6WUDK
OXQJVWUDQVIHU QLFKW PHKU PLW GHQ DQDO\WLVFKHQ 0HWKRGHQ EHVFKUHLEHQ GLH ]X
GHQ ]ZHLGLPHQVLRQDOHQ 6\VWHPHQ JHIKUW KDEHQ 'D GHU DQDO\WLVFKH =XJDQJ
IHKOWPXPDQ LKUH /HLVWXQJVIlKLJNHLW IU GLH JHVWHOOWH $XIJDEH ]XP%HLVSLHO
GLH.RQ]HQWUDWLRQYRQ6WUDKOXQJH[SHULPHQWHOOHUPLWWHOQ'DVLVWVHOEVWYHUVWlQG
OLFK HEHQVR GHU )DOO ZHQQPDQ QLFKW SHUIHNWH RSWLVFKH (LJHQVFKDIWHQ GHU YHU
ZHQGHWHQ0DWHULDOLHQEHUFNVLFKWLJHQZLOO
$QVWHOOHYRQ/DERUH[SHULPHQWHQWULWWKLHULQGHUJHRPHWULVFKHQ2SWLNRIWGLH
QXPHULVFKH 6LPXODWLRQ GLH VRJHQDQQWH 6WUDKOYHUIROJXQJ 5DEO  :HOIRUG
 'LH ZLFKWLJVWHQ (OHPHQWH VLQG GLH:HFKVHOZLUNXQJHQ YRQ /LFKWVWUDKOHQ
PLW EUHFKHQGHQ UHIOHNWLHUHQGHQ XQG DEVRUELHUHQGHQ )OlFKHQ+LHUEHL N|QQHQ
UHDOLVWLVFKH RSWLVFKH (LJHQVFKDIWHQ ZLH HLQJHVFKUlQNWH 5HIOHNWLYLWlW RGHU 6WUHX
XQJEHUFNVLFKWLJWZHUGHQ)UGLHYRUOLHJHQGH$UEHLWZXUGHQVRZRKOHLQHNRP
PHU]LHOOHUKlOWOLFKH6WUDKOYHUIROJXQJV6RIWZDUH%52DOVDXFKLP5DKPHQ
GHV%0%)3URMHNWHVVHOEVWHUVWHOOWH3URJUDPPHYHUZHQGHW
0LW 6WUDKOYHUIROJXQJ NDQQ PDQ ]HLJHQ GD GHU GUHLGLPHQVLRQDOH &3&5H
IOHNWRU NHLQ LGHDOHU .RQ]HQWUDWRU LVW ZLH GHU ]ZHLGLPHQVLRQDOH &3&5HIOHNWRU
DXV GHP HU GXUFK5RWDWLRQKHUYRUJHJDQJHQ LVW(U EHUWUlJW QLFKW GLH JHVDPWH
6WUDKOXQJIUGLHHUYRUJHVHKHQLVWDXIVHLQH$XVWULWWVDSHUWXU$QGHUHUVHLWVEW
DEHU DXFK HLQ LGHDOHU.RQ]HQWUDWRU DQ/HLVWXQJVIlKLJNHLW HLQZHQQ VHLQHRSWL
VFKHQ 2EHUIOlFKHQ QLFKW SHUIHNW VLQG VRQGHUQ ]XP %HLVSLHO 5HIOH[LRQVYHUOXVWH
DXIWUHWHQ
:HQQ DEHU HLQ RSWLVFKHV 6\VWHP QLFKW LGHDO LVW DOVR GLH JHVWHOOWH $XIJDEH
QLFKW LPYROOHQ0DHHUIOOWNDQQPDQHYHQWXHOOGXUFK9DULDWLRQVHLQHU)RUP
RGHU VHLQHV$XIEDXVGLH/HLVWXQJVIlKLJNHLW IUGLHJHVWHOOWH$XIJDEHYHUEHVVHUQ
6WUDKOYHUIROJXQJXQG2SWLPLHUXQJ

'LH 9DULDWLRQ GHU )RUP YRQ RSWLVFKHQ 6\VWHPHQ LP 5DKPHQ HLQHV 2SWLPLH
UXQJVSUR]HVVHVVWHOOWHLQHQZHVHQWOLFKHQ%HVWDQGWHLOGLHVHU$UEHLWGDU
$XVJDQJVSXQNW GHU2SWLPLHUXQJ VLQG*UXQGIRUPHQ GLHPLWWHOV GHU DQDO\WL
VFKHQ0HWKRGHQGHUQLFKWDEELOGHQGHQ2SWLNJHIXQGHQZHUGHQ'LHVH/|VXQJHQ
ZHUGHQ GXUFK SDUDPHWULVFK EHVWLPPWH )RUPHQ DQJHQlKHUW XQG HUZHLWHUW ,P
2SWLPLHUXQJVSUR]H ZHUGHQ GDQQ GLH 3DUDPHWHU GLH GLH )RUPHQ EHVWLPPHQ
V\VWHPDWLVFKYDULLHUWXQGIUMHGHQ3DUDPHWHUVDW]GLH/HLVWXQJVIlKLJNHLWGHV6\
VWHPVDOV=LHOJU|HGHU2SWLPLHUXQJPLWWHOV6WUDKOYHUIROJXQJEHUHFKQHW'DV=LHO
GHV2SWLPLHUXQJVSUR]HVVHV LVWGLH0D[LPLHUXQJGHU/HLVWXQJVIlKLJNHLW:LHVLFK
GLHVH /HLVWXQJVIlKLJNHLW NRQNUHW EHUHFKQHW KlQJW YRQ GHU MHZHLOLJHQ 3UREOHP
VWHOOXQJDE2IWZLUGDOV=LHOJU|H]XP%HLVSLHOGLH7UDQVPLVVLRQGHU6WUDKOXQJ
DXIHLQHJHJHEHQH$XVWULWWVDSHUWXUIOlFKHYHUZHQGHW
)UGLHYRUOLHJHQGH$UEHLWZXUGHQ]ZHL2SWLPLHUXQJVDOJRULWKPHQYHUZHQGHW
,Q HLQHU HUVWHQ6WXIHZXUGHPLW HLQHU UHODWLY JHULQJHQ=LHOJHQDXLJNHLW HLQ VRJH
QDQQWHU 6LPXODWHG $QQHDOLQJ $OJRULWKPXV HLQJHVHW]W GHU GHQ ]XU 9HUIJXQJ
VWHKHQGHQ 3DUDPHWHUUDXP VHKU ZHLWOlXILJ GXUFKOlXIW XQG GDEHL VHLQH 6FKULWW
ZHLVH VWHWLJ YHUULQJHUW'DGLHVHU$OJRULWKPXVGLH=LHOJU|HYHUKlOWQLVPlLJRIW
EHUHFKQHQPXZXUGHGDIUHLQHJHULQJH$Q]DKOYRQ6WUDKOHQEHLGHU6LPXOD
WLRQYHUZHQGHW'LHVYHUULQJHUWGLH*HQDXLJNHLWGHV(UJHEQLVVHVGLHPLWGHU$Q
]DKO GHU 6WUDKOHQ VWHLJW 'DYLHV  3UHVV  ,Q GLHVHU HUVWHQ 6WXIH GHU
2SWLPLHUXQJZLUGGLHJOREDOH6WUXNWXUGHV3DUDPHWHUUDXPVXQWHUVXFKWRKQHDXI
)HLQKHLWHQ LQ GHU =LHOJU|H 5FNVLFKW ]X QHKPHQ (V VROO HLQ *HELHW LQ GHU
1DFKEDUVFKDIWGHV2SWLPXPVJHIXQGHQZHUGHQ
,QGHU]ZHLWHQ6WXIHGHU2SWLPLHUXQJZXUGHGDQQGLHORNDOH6WUXNWXUGHV3D
UDPHWHUUDXPV XQWHUVXFKW +LHU]X ZXUGH HLQH.RQMXJLHUWH *UDGLHQWHQ0HWKRGH
QDFK3RZHOOYHUZHQGHWGLH2SWLPDLQGHUQlKHUHQ8PJHEXQJGHV6WDUWSXQNWHV
]XYHUOlVVLJXQGPLWUHODWLYZHQLJHQ6FKULWWHQILQGHW(VZXUGHGDQQHLQHJU|HUH
$Q]DKO YRQ 6WUDKOHQ YHUZHQGHW XQGGDPLWGLH*HQDXLJNHLW GHV(UJHEQLVVHV JH
VWHLJHUW 'LH VWDWLVWLVFKHQ UHODWLYHQ )HKOHU GHU LQ GLHVHU $UEHLW YRUJHVWHOOWHQ(U
JHEQLVVH VLQG JHULQJHU DOV HLQ 3UR]HQW 'LH YHUZHQGHWHQ $OJRULWKPHQ VLQG LQ
3UHVVQlKHUEHVFKULHEHQ
%HL GHU3DUDPHWHULVLHUXQJGHU YHUZHQGHWHQ)RUPHQXQGZlKUHQGGHU2SWL
PLHUXQJZXUGHQGLH WHFKQLVFKHQXQGSK\VLNDOLVFKHQ5DQGEHGLQJXQJHQEHUFN
VLFKWLJW 'D]X JHK|UHQ ]XP %HLVSLHO GLH 5HIOHNWLYLWlW GHU YHUZHQGHWHQ
0DWHULDOLHQ XQG %HVFKUlQNXQJHQ LQ GHU *U|H GHV 6\VWHPV RGHU GHQ .UP
PXQJVUDGLHQYRQ*ODVPDWHULDOHQZLHVLHIU6SLHJHOYHUZHQGHWZHUGHQ'LH(LQ
EH]LHKXQJVROFKHU5DQGEHGLQJXQJLVWHLQZHVHQWOLFKHV(OHPHQWGHU2SWLPLHUXQJ
XQG VWHOOW HLQHQ JURHQ9RUWHLO JHJHQEHU ELVKHULJHQ0HWKRGHQGDUEHLGHQHQ
6WUDKOXQJVWUDQVIHULQGHUJHRPHWULVFKHQ2SWLN

DQDO\WLVFK JHIXQGHQH 6\VWHPHGHQ5DQGEHGLQJXQJHQZLOONUOLFKDQJHSDWXQG
GLHGDGXUFKYHUXUVDFKWHQ(LQEXHQLQ.DXIJHQRPPHQZXUGHQV$EVFKQLWW



2 Heliostatenfeld und Solarturmkraftwerk 
'DV6RODUWXUPNUDIWZHUNLVWHLQ.RQ]HSW]XUWKHUPLVFKHQ1XW]XQJYRQ6RODUHQHU
JLH LQJURHP0DVWDE'DV6RQQHQOLFKWZLUGYRQHLQHPJURHQ6SLHJHOIHOG LQ VHL
QHP )RNXV DQ GHU 6SLW]H HLQHV 7XUPHV JHEQGHOW 'LH 6WUDKOXQJ ZLUG LQ HLQHP
$EVRUEHUDQHLQ$UEHLWVPHGLXPEHUWUDJHQ'DVHUKLW]WH$UEHLWVPHGLXPZLUGLQHLQHU
7XUELQHHQWVSDQQWXQGWUHLEWGDUEHUHLQHQ*HQHUDWRUDQ
'LH6WUDKOXQJNDQQLP)RNXVGHV6SLHJHOIHOGHVPLWHLQHP6HNXQGlUUHIOHNWRUQRFK
ZHLWHUNRQ]HQWULHUWZHUGHQ0LWK|KHUHU.RQ]HQWUDWLRQHU]LHOWPDQK|KHUH7HPSHUD
WXUHQ LP $UEHLWVPHGLXP GLHZLHGHUXP HIIL]LHQWHUH:lUPH.UDIW3UR]HVVH HUODXEHQ
'HU 6HNXQGlUUHIOHNWRU EHHLQIOXW GDQQ HQWVFKHLGHQG GHQ*HVDPWZLUNXQJVJUDG GHV
.UDIWZHUNHV0LWLKPDXHUGHPZHUGHQGLH9HUOXVWHGXUFK:lUPHVWUDKOXQJDXVGHP
$EVRUEHUUHGX]LHUW
'DV6SLHJHOIHOGVWHOOWGLH6WUDKOXQJVTXHOOHIUGHQ6HNXQGlUUHIOHNWRUGDUGHVVHQ
2SWLPLHUXQJGLHVH$UEHLWJHZLGPHW LVW6HLQHVSH]LILVFKHQ(LJHQVFKDIWHQSUlJHQGLH
6WUDKOXQJVYHUWHLOXQJDXIGHU(LQWULWWVDSHUWXU LP2UWVXQG5LFKWXQJVUDXP'HU]HQ
WUDOH%HUHLFK GHU$SHUWXUZLUG YRPJHVDPWHQ+HOLRVWDWHQIHOGEHVFKLHQHQZlKUHQG
GLH5DQGEHUHLFKHQXUYRQGHQHQWIHUQWHQ7HLOHQGHV)HOGHVEHVFKLHQHQZHUGHQ
'LH 6WUDKOXQJVHQHUJLH NDQQ ZHVHQWOLFK HIIL]LHQWHU LQ $UEHLW XPJHVHW]W ZHUGHQ
ZHQQPDQ6WUDKOXQJPLWYHUVFKLHGHQHU%HVWUDKOXQJVVWlUNHQLFKWYHUPLVFKWVRQGHUQ
LQJHWUHQQWHQ$EVRUEHUQPLWXQWHUVFKLHGOLFKHU$UEHLWVWHPSHUDWXUXPVHW]W6FKRQGLH
8QWHUWHLOXQJLQ]ZHLWKHUPLVFKJHWUHQQWH6WXIHQNDQQGLHHUUHLFKEDUH$XVWULWWVWHPSH
UDWXUGHV$UEHLWVPHGLXPVGHXWOLFKHUK|KHQ
2.1 Konzept des Solarturmkraftwerks 
'DV 6RODUWXUPNUDIWZHUN LVW HLQ VRODUWKHUPLVFKHV.UDIWZHUNVNRQ]HSW IU HOHN
WULVFKH$XVJDQJVOHLVWXQJHQLP%HUHLFKYRQHLQLJHQ]HKQELVHLQLJHQKXQGHUW0H
JDZDWW :LQWHU .ULEXV 'LH YRUOLHJHQGH$UEHLW EHVFKlIWLJW VLFKPLW
GHP(QWZXUIXQGGHU2SWLPLHUXQJGHV6HNXQGlUUHIOHNWRUVHLQHVRSWLVFKHQ(OH
PHQWHVHLQHVVROFKHQ.UDIWZHUNHV
,Q GLHVHP$EVFKQLWW ZHUGHQGHU VFKHPDWLVFKH$XIEDX HLQHV 6RODUWXUPNUDIW
ZHUNVGDUJHOHJWXQGGLHHLQ]HOQHQ.RPSRQHQWHQLQVEHVRQGHUHGHURSWLVFKH7HLO
HUOlXWHUW $XHUGHP ZHUGHQ GLH :LUNXQJVJUDGH XQG 9HUOXVWH GHU HLQ]HOQHQ
.RPSRQHQWHQGHV.UDIWZHUNVVNL]]LHUW
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

2.1.1 Schematischer Aufbau 
'HUVFKHPDWLVFKH$XIEDXHLQHV6RODUWXUPNUDIWZHUNVPLW6HNXQGlUUHIOHNWRULVW
LQ$EELOGXQJGDUJHVWHOOW'LH6RQQHQVWUDKOXQJZLUGYRQHLQHP)HOGHLQ
]HOQQDFKJHIKUWHU6SLHJHOGHQ+HOLRVWDWHQ LQ5LFKWXQJGHU6SLW]HGHV7XU
PHV UHIOHNWLHUW 'LH HLQIDOOHQGH 6WUDKOXQJ NDQQ YRQ HLQHP
6HNXQGlUUHIOHNWRU DEHUPDOV NRQ]HQWULHUW ZHUGHQ DQ GHVVHQ $XVWULWWVDSHUWXU
GHU $EVRUEHU DQVHW]W ,P $EVRUEHU ZLUG GLH 6WUDKOXQJ DEVRUELHUW XQG DOV
:lUPH DQ HLQ $UEHLWVPHGLXP ]XP %HLVSLHO /XIW ZHLWHUJHJHEHQ 'DV HUKLW]WH
$UEHLWVPHGLXPZLUGLQHLQHU7XUELQHHQWVSDQQWGLHHLQHQ*HQHUDWRU]XU6WURP
HU]HXJXQJDQWUHLEW
2
6
5
4
3
1

$EELOGXQJ6FKHPDWLVFKHU$XIEDXHLQHV6RODUWXUPNUDIWZHUNHV'LH$EELOGXQJLVWQLFKWPD
VWDEVJHWUHX ,QVEHVRQGHUHGHU6HNXQGlUUHIOHNWRU XQGGHU$EVRUEHU VLQGEHUSURSRUWLRQDO
JURGDUJHVWHOOW
2.1.2 Die einzelnen Komponenten 
'LH 6WUDKOXQJ YRQ GHU 6RQQH ∗ NRPPW DXV HLQHP5LFKWXQJVNHJHO GHVVHQ
gIIQXQJVZLQNHO YRP'XUFKPHVVHU GHU 6RQQH XQG GHUHQ $EVWDQG ]XU (UGH EH
VWLPPW ZLUG 'LHVHU HLJHQWOLFK VFKDUI DEJHJUHQ]WH.HJHO ZLUG MHGRFK GXUFK GLH
6WUHXXQJ GHU 6WUDKOXQJ LQ GHU $WPRVSKlUH DXIJHZHLWHW VR GD IU GLH 5LFK
WXQJVDEKlQJLJNHLWGHU6WUDKOGLFKWHYHUWHLOXQJNHLQHVFKDUIH6WXIHQIXQNWLRQPHKU

∗'LH1XPPHUQLQ.ODPPHUEH]LHKHQVLFKDXI$EELOGXQJ
.RQ]HSWGHV6RODUWXUPNUDIWZHUNV

YHUZHQGHWZHUGHQNDQQ*HPHVVHQH5LFKWXQJVDEKlQJLJNHLWHQN|QQHQGXUFK3R
O\QRPHRGHUHLQHhEHUODJHUXQJPHKUHUHU*DXVV)XQNWLRQHQJXWDQJHQlKHUWZHU
GHQ 9LWWLWRH  6FKXEQHOO  ,Q DOOHU 5HJHO IDOOHQ EHU  GHU
6WUDKOXQJOHLVWXQJLQQHUKDOEHLQHV.HJHOVPLWPUDGKDOEHQgIIQXQJVZLQNHO'LH
PLWWOHUH%HVWUDKOXQJVVWlUNHDXIHLQHU)OlFKHVHQNUHFKW]XU6RQQHQVWUDKOXQJEH
WUlJWDQIU6RODUWXUPNUDIWZHUNHUHOHYDQWHQ6WDQGRUWHQ]ZLVFKHQ:PXQG
:P
'LH+HOLRVWDWHQVLQGHLQ]HOQGHU6RQQHQDFKJHIKUWH6SLHJHO6LHUHIOHNWLH
UHQ GDV 6RQQHQOLFKW LQ 5LFKWXQJ GHV 7XUPV 'LH VSLHJHOQGH )OlFKH KDW QlKH
UXQJVZHLVHGLH)RUPHLQHV3DUDERORLGVPLW%UHQQSXQNWDXIGHU(LQWULWWVDSHUWXU
GHV 6HNXQGlUUHIOHNWRUV %HL PRGHUQHQ +HOLRVWDWHQ ZHUGHQ KLHUIU *ODVVSLHJHO
DXI HLQH YRUJHIRUPWH 6WDKOPHPEUDQ DXIJHEUDFKW GLH DXI HLQHP ULQJI|UPLJHQ
5DKPHQ JHVSDQQW LVW 'LHVH UXQGHQ VRJHQDQQWHQ 6WUHWFKHG0HPEUDQH+HOLR
VWDWHQKDEHQHLQH6SLHJHOIOlFKHYRQP:HLQUHEH
'DV)HOG YRQ+HOLRVWDWHQ IRNXVVLHUWGLH6RQQHQVWUDKOXQJDXIGHU(LQWULWWVD
SHUWXUGHV6HNXQGlUUHIOHNWRUV9RQ MHGHPHLQ]HOQHQ+HOLRVWDWHQ JHKWGDEHL HLQ
6WUDKOXQJVNHJHODXV'LHVHQ]HLFKQHWGLHREHQEHVFKULHEHQH5LFKWXQJVFKDUDN
WHULVWLNGHUGLUHNWHQ6RQQHQVWUDKOXQJDXVGLHMHGRFKDXIJUXQGYRQNOHLQHQ)HK
OHUQ LQ GHU )RUP GHU +HOLRVWDWHQ ZHLWHU DXIJHZHLWHW XQG JHJOlWWHW ZLUG 'LHVH
)HKOHUUHVXOWLHUHQYRUDOOHPDXVGHU=HUOHJXQJGHU3DUDEROIRUPLQ)DFHWWHQXQG
GHQ )HUWLJXQJVWROHUDQ]HQ 'LH 5LFKWXQJVYHUWHLOXQJ GHU YRQ HLQHP +HOLRVWDWHQ
UHIOHNWLHUWHQ 6WUDKOXQJZLUG EHL GHQ LPZHLWHUHQ YRUJHVWHOOWHQ 6LPXODWLRQVUHFK
QXQJHQ GXUFK HLQH ]ZHLGLPHQVLRQDOH *DXVVYHUWHLOXQJ DQJHQlKHUW $XI GLHVHP
:HJ ODVVHQ VLFK6LPXODWLRQVUHFKQXQJHQGLHDP:HL]PDQQ,QVWLWXWHRI6FLHQFH
IUHLQ]HOQH+HOLRVWDWHQXQWHUGHU%HUFNVLFKWLJXQJGHU)RUPXQG$XVULFKWXQJ
MHGHUHLQ]HOQHQ6SLHJHOIDFHWWHHUVWHOOWZXUGHQJXWUHSURGX]LHUHQ
'LH .RQ]HQWUDWLRQ GHU 6RQQHQVWUDKOXQJ LP )RNXV HLQHV +HOLRVWDWHQIHOGHV
NDQQW\SLVFKHUZHLVHHLQLJH7DXVHQGEHWUDJHQ'DGLH6WUDKOXQJMHGRFKQLFKWDXV
GHPJHVDPWHQ+DOEUDXPDXIGLH)RNDOHEHQHHLQIlOOWNDQQVLHQRFKZHLWHUNRQ
]HQWULHUW ZHUGHQ+LHUIU NDQQ HLQ QLFKWDEELOGHQGHU5HIOHNWRU GHU VRJHQDQQWH
6HNXQGlUUHIOHNWRU  HLQJHVHW]W 2E GHU *HVDPWZLUNXQJVJUDG GHV .UDIWZHUNHV
GXUFKGHQ(LQVDW]HLQHV6HNXQGlUUHIOHNWRUVJHVWHLJHUWZHUGHQNDQQLVWYRUDOOHP
YRQGHU7HPSHUDWXUGHVYHUZHQGHWHQ:lUPH.UDIW3UR]HVVHVDEKlQJLJVX%LV
KHUNRQVWUXLHUWH6HNXQGlUUHIOHNWRUHQKDEHQGLH)RUPHLQHV&3&5HIOHNWRUVGLH
MHGRFKGHQ WHFKQLVFKHQ5DKPHQEHGLQJXQJHQ DQJHSDWZXUGH'LH5HIOHNWRUHQ
VLQGLQGHU5HJHO]XJURXPPLWGHUDQDO\WLVFKHQ]ZHLGLPHQVLRQDOJHNUPP
WHQ2EHUIOlFKH JHIHUWLJW ]XZHUGHQ $XHUGHPZHUGHQ RIW UFNVHLWLJPLW 6LOEHU
EHVFKLFKWHWH *ODVVSLHJHO YHUZHQGHW $XV GLHVHQ *UQGHQ ZLUG GLH &3&)RUP
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

GXUFK HEHQH )DFHWWHQ NRQLVFKH 5LQJH RGHU HLQGLPHQVLRQDO SDUDEROLVFK JH
NUPPWH 6HJPHQWH DQJHQlKHUW 6XUHVK  2
*DOODJKHU  $EHOH 
/HY\0LURQ
'LHYRUOLHJHQGH$UEHLWYHUIROJWLPZHVHQWOLFKHQ]ZHL=LHOH(LQHUVHLWVZHUGHQ
GLH NODVVLVFKHQ &3&)RUPHQ GXUFK 2SWLPLHUXQJ LKUHU )RUP XQWHU JHJHEHQHQ
5DQGEHGLQJXQJHQ VLJQLILNDQW YHUEHVVHUW $QGHUHUVHLWV ZHUGHQ DV\PPHWULVFKH
)RUPHQ YRQ 6HNXQGlUUHIOHNWRUHQ HLQJHIKUW GLH IU EHVWHKHQGH+HOLRVWDWHQIHO
GHU HLQH GHXWOLFKH (UK|KXQJ GHU .RQ]HQWUDWLRQ EHL JOHLFKHU 7UDQVPLVVLRQ LP
9HUJOHLFK]XV\PPHWULVFKHQ5HIOHNWRUHQHUUHLFKHQ
0LWGHP$EVRUEHUHQGHWGHURSWLVFKHXQGEHJLQQWGHUWKHUPLVFKH7HLOGHV
.UDIWZHUNV,P$EVRUEHUZLUGGLHNRQ]HQWULHUWH6RODUVWUDKOXQJLQ:lUPHXPJH
VHW]WXQGDQHLQ$UEHLWVPHGLXPZHLWHUJHJHEHQ)UGLHKLHUGLVNXWLHUWHQ7XUP
NUDIWZHUNH PLW 6HNXQGlUUHIOHNWRU ZLUG LQ GHU 5HJHO /XIW DOV $UEHLWVPHGLXP
YHUZHQGHW GLH XQWHU KRKHP 'UXFN DXI 7HPSHUDWXUHQ ]ZLVFKHQ & XQG
& HUKLW]W ZHUGHQ VROO 'LHV JHVFKLHKW LQ VRJHQDQQWHQ YROXPHWULVFKHQ $E
VRUEHUQ'LH6WUDKOXQJWULWWGXUFKHLQ)HQVWHULQHLQHQ+RKOUDXPHLQXQGZLUG
GRUWQLFKWDXIHLQHU]ZHLGLPHQVLRQDOHQ)OlFKHDEVRUELHUWVRQGHUQGULQJWLQHLQH
GUHLGLPHQVLRQDOH 6WUXNWXU HLQ XQG ZLUG LQ GHUHQ 9ROXPHQ DEVRUELHUW 'LHVH
6WUXNWXUNDQQDOV HLQNHUDPLVFKHU6FKDXPHLQ'UDKWJHIOHFKWRGHUHLQH$QRUG
QXQJ YRQ GLFKW EHLHLQDQGHU VWHKHQGHQ 1DGHOQ UHDOLVLHUW ZHUGHQ %XFN 
/HRQ.DUQL%XFN
:LUG NRPSULPLHUWH/XIW DOV$UEHLWVPHGLXP YHUZHQGHW NDQQGLHVHGLUHNW LQ
HLQHU *DVWXUELQH HQWVSDQQW ZHUGHQ %HLP *DVXQG'DPSI3UR]H ZLUG GLH
$EZlUPHGHU*DVWXUELQH]XU(U]HXJXQJYRQEHUKLW]WHQ:DVVHUGDPSIEHQXW]W
GHUZLHGHUXPLQHLQHU'DPSIWXUELQHHQWVSDQQWZLUG%RKQ.ULEXV
'LH7XUELQHQLKUHUVHLWVWUHLEHQ*HQHUDWRUHQ]XU6WURPHU]HXJXQJDQ
8P 6FKZDQNXQJHQ LQ GHU 6RQQHQHLQVWUDKOXQJ ZLH VLH ]XP %HLVSLHO GXUFK
GXUFK]LHKHQGH :RONHQ YHUXUVDFKW ZHUGHQ N|QQHQ DXV]XJOHLFKHQ RGHU GDV
.UDIWZHUNDXFKQDFKWVEHWUHLEHQ]XN|QQHQ LVWEHL VRODUWKHUPLVFKHQ.UDIWZHU
NHQEOLFKHUZHLVH HLQH]XVlW]OLFKH*DVIHXHUXQJYRUJHVHKHQ'LHVHU JOHLFK]HLWLJH
%HWULHEGHU$QODJHPLW6RODUHQHUJLHXQGIRVVLOHU%HIHXHUXQJZLUGDOV+\EULGEH
WULHEEH]HLFKQHW
$OV$OWHUQDWLYH]XU6WURPHU]HXJXQJZLUGLVWDXFKGLH3URGXNWLRQFKHPLVFKHU
(QHUJLHWUlJHULQ6RODUWXUPNUDIWZHUNHQGLVNXWLHUWXQGHUIRUVFKW,P*HJHQVDW]]X
HOHNWULVFKHU(QHUJLH N|QQHQ VROFKH.UDIWVWRIIH DXFKEHU OlQJHUH=HLWUlXPH LQ
JURHQ0HQJHQJHVSHLFKHUWZHUGHQ6WDWWGHVREHQEHVFKULHEHQHQ$EVRUEHUVZLUG
LQGLHVHP)DOOHLQFKHPLVFKHU5HDNWRUHLQJHVHW]WLQGHPGLH6WUDKOXQJXQGGLH
.RQ]HSWGHV6RODUWXUPNUDIWZHUNV

DEVRUELHUWH:lUPH HLQH HQGRWKHUPH FKHPLVFKH5HDNWLRQ DQWUHLEHQ LQ GHU HLQ
(QHUJLHWUlJHUHU]HXJWZLUG%HLVSLHOHKLHUIUVLQGGLH0HWKDQUHIRUPLHUXQJ%XFN
0XLU$EHOHRGHUGLH5HGX]LHUXQJYRQ0HWDOOR[LGHQ]XUHLQHQ
0HWDOOHQ6WHLQIHOG6WHLQIHOG
2.1.3 Verluste und Gesamtwirkungsgrad 
'HU*HVDPWZLUNXQJVJUDGηgesHLQHV6RODUWXUPNUDIWZHUNVJLEWGLH(IIL]LHQ]GHU
8PVHW]XQJYRQ6RQQHQVWUDKOXQJLQHOHNWULVFKH/HLVWXQJPelDQ'HU(LQIOXHL
QHUHYHQWXHOOHQ=XIHXHUXQJPLWIRVVLOHU(QHUJLHWUlJHUQVROOKLHUQLFKWHLQJHKHQ
,PIROJHQGHQZLUGηgesDXIGLH6WUDKOXQJVOHLVWXQJEH]RJHQGLHDXIGLH6SLHJHO
IOlFKHGHV+HOLRVWDWHQIHOGHVAHelHLQIDOOHQN|QQWH

HelAE
P
solar
el
ges ⋅=η  
Esolar LVW KLHUEHL GLH %HVWUDKOXQJVVWlUNH GHU GLUHNWHQ 6RQQHQVWUDKOXQJ DOVR
DXIHLQH)OlFKHGLHVHQNUHFKW]XU6RQQHQVWUDKOXQJVWHKW'LH+HOLRVWDWHQVWHOOHQ
GHQ JU|WHQ .RVWHQIDNWRU EHLP %DX HLQHV 6RODUWXUPNUDIWZHUNV GDU .ULEXV
$XVGLHVHP*UXQGHUVFKHLQWHVVLQQYROOGHQ*HVDPWZLUNXQJVJUDGDXIGLH
*HVDPWIOlFKH GHU+HOLRVWDWHQ ]X EH]LHKHQ ZHLO HLQH2SWLPLHUXQJ GHV *HVDPW
ZLUNXQJVJUDGHV VR GLH P|JOLFKVW HIIL]LHQWH 1XW]XQJ GHU +HOLRVWDWHQIOlFKH PLW
HLQEH]LHKW
'HQ *HVDPWZLUNXQJVJUDG NDQQ PDQ DXIJUXQG GHV REHQ EHVFKULHEHQHQ VH
TXHQWLHOOHQ/HLVWXQJVIOXVVHV LP.UDIWZHUN LQYLHU7HLOZLUNXQJVJUDGHXQWHUWHLOHQ
'HU:LUNXQJVJUDGGHV+HOLRVWDWHQIHOGHVηHelEHVFKUHLEWGLH(IIL]LHQ]GHV6WUDK
OXQJVWUDQVIHUVGHU6RQQHQVWUDKOXQJDXIGLH(LQWULWWVDSHUWXUGHV6HNXQGlUUHIOHN
WRUV

HelAE
P
solar
Ein
Sek
Hel ⋅=η  
Ein
SekP LVWKLHUEHLGLH6WUDKOXQJVOHLVWXQJDXIGHU(LQWULWWVDSHUWXUGHV6HNXQGlU
UHIOHNWRUV(LQHUJHQDXHUHQ%HKDQGOXQJGHU$EELOGXQJVHLJHQVFKDIWHQXQG9HUOX
VWHGHV+HOLRVWDWHQIHOGHVLVW$EVFKQLWWJHZLGPHW
'HU:LUNXQJVJUDGGHV6HNXQGlUUHIOHNWRUVLVWVHLQH7UDQVPLVVLRQτIUGLHHLQ
IDOOHQGH 6WUDKOXQJ DOVR GDV 9HUKlOWQLV GHU 6WUDKOXQJVOHLVWXQJHQ DXI GHU $XV
XQG(LQWULWWVDSHUWXU
 EinSek
Aus
Sek PP=τ  
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

Aus
SekP LVWKLHUEHLGLH6WUDKOXQJVOHLVWXQJDXIGHU$XVWULWWVDSHUWXUGHV6HNXQGlU
UHIOHNWRUV'LH9HUOXVWH LP6HNXQGlUUHIOHNWRU ODVVHQVLFK LQ]ZHL.DWHJRULHQXQ
WHUWHLOHQ 'DV HLQH VLQG GLH 5HIOH[LRQVYHUOXVWH (LQ 7HLO GHU 6WUDKOXQJVOHLVWXQJ
ZLUG YRQGHQ 6SLHJHOQ DEVRUELHUW XQG JHKW VRPLW IU GHQ*HVDPWZLUNXQJVJUDG
YHUORUHQ $XHUGHP HUUHLFKW HLQ 7HLO GHU 6WUDKOXQJ QLFKW GLH $XVWULWWVDSHUWXU
ZHLO HU LP 6HNXQGlUUHIOHNWRU XPJHNHKUW ZLUG XQG LKQ ZLHGHU GXUFK GLH (LQ
WULWWVDSHUWXUYHUOlW'LHVHU(IIHNWZLUGDOV6WUDKOXPNHKUEH]HLFKQHW5DEO
:HOIRUG'LH7UDQVPLVVLRQτVSLHOWHLQH]HQWUDOH5ROOHEHLGHU&KDUDNWHUL
VLHUXQJGHV6HNXQGlUUHIOHNWRUVXQG LVW LQGHQPHLVWHQ)lOOHQGLH=LHOJU|HEHL
GHU2SWLPLHUXQJVHLQHU)RUP
'HU$EVRUEHUZLUNXQJVJUDGηAbs
 AusSek
Aus
AbsAbs PP=η  
]HLJWGHQ$QWHLOGHUDQGDV$UEHLWVPHGLXPEHUWUDJHQHQ/HLVWXQJ AusAbsP DQGHU
YRP 6HNXQGlUUHIOHNWRU LQ GHQ $EVRUEHU HLQIDOOHQGHQ 6WUDKOXQJVOHLVWXQJ AusSekP 
=X GHQ 9HUOXVWHQ WUDJHQ KLHUEHL GLH $EVRUSWLRQ XQG5HIOHNWLRQ YRQ 6WUDKOXQJ
DP (LQWULWWVIHQVWHU :lUPHVWUDKOXQJ YRP KHLHQ $EVRUEHU GXUFK GDV )HQVWHU
XQG:lUPHOHLWXQJVYHUOXVWHYRP$EVRUEHUDQGLH8PJHEXQJEHL
'LH9HUOXVWOHLVWXQJHLQHVVFKZDU]HQ$EVRUEHUVGXUFK:lUPHVWUDKOXQJPWSKlQJW
ZHVHQWOLFK PLW GHU .RQ]HQWUDWLRQ GXUFK GHQ 6HNXQGlUUHIOHNWRU ]XVDPPHQ
3LWPDQ
 4AbsAperturWS TAP ⋅σ⋅=  
+LHUEHLVLQGAAperturGLH)OlFKHGHU(LQWULWWVDSHUWXUGHV$EVRUEHUVσGLH6WH
IDQ%ROW]PDQQ.RQVWDQWHXQGTabsGLH7HPSHUDWXUGHV$EVRUEHUV'DGLH)OlFKH
GHU(LQWULWWVDSHUWXUGHV$EVRUEHUV LQDOOHU5HJHOJOHLFKGHUGHU$XVWULWWVDSHUWXU
GHV6HNXQGlUUHIOHNWRUVLVWVSLHOWKLHUGLH.RQ]HQWUDWLRQGHU6WUDKOXQJGXUFKGDV
+HOLRVWDWHQIHOGXQGGHQ6HNXQGlUUHIOHNWRUHLQHZHVHQWOLFKH5ROOHGDHLQHKRKH
.RQ]HQWUDWLRQMDGLH%QGHOXQJGHU6WUDKOXQJDXIHLQHNOHLQH$SHUWXUEHGHXWHW
(LQHK|KHUH.RQ]HQWUDWLRQEHGHXWHWDOVRHLQHNOHLQHUH$SHUWXUIOlFKHAAperturXQG
GDPLWJHULQJHUH9HUOXVWHGXUFK:lUPHVWUDKOXQJ 
'DV OHW]WH*OLHG LQGHU.HWWHELOGHWGHU:LUNXQJVJUDGGHV:lUPH.UDIW3UR
]HVVHV ]XU8PZDQGOXQJGHU:lUPHOHLVWXQJ LQHOHNWULVFKHQ6WURPηWK(U VHW]W
VLFK DXV GHQ :LUNXQJVJUDGHQ GHU 7XUELQHQ XQG *HQHUDWRUHQ ]XVDPPHQ XQG
ZLUG SK\VLNDOLVFK GXUFK GHQ :LUNXQJVJUDG HLQHV &DUQRW3UR]HVVHV EHJUHQ]W
'HPHQWVSUHFKHQGVWHLJHQDXFKGLHWHFKQLVFKUHDOVLVLHUEDUHQ:LUNXQJVJUDGHPLW
GHU 7HPSHUDWXU GHV $UEHLWVPHGLXPV 0LW PRGHUQHQ NRPELQLHUWHQ *DV XQG
$EELOGXQJVIHKOHUXQG9HUOXVWHEHLP+HOLRVWDWHQIHOG

'DPSISUR]HVVHQZHUGHQKLHU:HUWHYRQEHUHUUHLFKWGLH(LQWULWWVWHPSHUD
WXUGHV$UEHLWVPHGLXPVEHWUlJWKLHUEHLGHXWOLFKEHU&%RKQ
'HU *HVDPWXPZDQGOXQJVZLUNXQJVJUDG GHV 6RODUWXUPNUDIWZHUNV NDQQ DOVR
ZLHIROJWJHVFKULHEHQZHUGHQ
 WKAbsHelges η⋅η⋅τ⋅η=η  
'DV+DXSWDXJHQPHUNGLHVHU$UEHLW ULFKWHW VLFKDXIGLH2SWLPLHUXQJGHV6H
NXQGlUUHIOHNWRUVDOVRYRQτ'HU6HNXQGlUUHIOHNWRUNDQQDEHUQLFKWY|OOLJLVROLHUW
EHWUDFKWHWZHUGHQ6RIKUWHLQH2SWLPLHUXQJGHV+HOLRVWDWHQIHOGHVRKQH%HUFN
VLFKWLJXQJGHUZHLWHUHQ6WXIHQ]XHLQHUEHVWLPPWHQ(LQVWUDKOXQJLQGHQ6HNXQ
GlUUHIOHNWRU )U GLHVH VSH]LILVFKH 6WUDKOXQJ PX GHU 6HNXQGlUUHIOHNWRU
RSWLPLHUWZHUGHQZREHL GLH=LHOJU|HZLHGHUXPQLFKW HLQGHXWLJ IHVWJHOHJWZHU
GHQNDQQZHLOZLHLQ$EVFKQLWWGDUJHOHJWLPPHUHLQ.RPSURPL]ZLVFKHQ
KRKHU.RQ]HQWUDWLRQDOVR%HVWUDKOXQJVVWlUNHXQG7UDQVPLVVLRQJHIXQGHQZHU
GHQPX
(VZLUGDOVR IUGLHJHJHEHQH(LQVWUDKOXQJYRQHLQHP+HOLRVWDWHQIHOGQLFKW
QXU HLQ 6HNXQGlUUHIOHNWRU RSWLPLHUW VRQGHUQ HLQ JDQ]HU 6DW] YRQ 6HNXQGlUUH
IOHNWRUHQ PLW YHUVFKLHGHQ JURHQ $XVWULWWVDSHUWXUHQ 'LH HUUHLFKEDUHQ 7UDQV
PLVVLRQV XQG .RQ]HQWUDWLRQVZHUWH GLHVHU YHUVFKLHGHQHQ 6HNXQGlUUHIOHNWRUHQ
HUJHEHQZLHGHU HLQH.HQQOLQLH(LQ6HNXQGlUUHIOHNWRUPLW JURHU$XVWULWWVDSHU
WXU HUUHLFKW KRKH 7UDQVPLVVLRQVZHUWH EHL QLHGULJHU .RQ]HQWUDWLRQ 0LW HLQHU
NOHLQHQ $XVWULWWVDSHUWXU HUUHLFKW PDQ K|KHUH .RQ]HQWUDWLRQ EHL JHULQJHUHU
7UDQVPLVVLRQ
'LH *U|H GHU $XVWULWWVDSHUWXU EHHLQIOXW JOHLFK]HLWLJ OLQHDU GLH 9HUOXVWH
GXUFK:lUPHVWUDKOXQJDXVGHP$EVRUEHU'LH:DKOGHVRSWLPDOHQ$UEHLWVSXQN
WHVDXIGHU.HQQOLQLHEHVWLPPWGHUJHZlKOWH:lUPH.UDIW3UR]HLQVEHVRQGHUH
GLH 7HPSHUDWXU GHV $UEHLWVPHGLXPV 0DQ ZlJW KLHUEHL GLH 7UDQVPLVVLRQVYHU
OXVWHLP6HNXQGlUUHIOHNWRUJHJHQGLH:lUPHVWUDKOXQJVYHUOXVWHGHV$EVRUEHUVDE
2.2 Abbildungsfehler und Verluste beim Heliostatenfeld 
'DV+HOLRVWDWHQIHOG LQ VHLQHU*HVDPWKHLW LVWHLQDEELOGHQGHU5HIOHNWRU0DQ
NDQQ HV DOV HLQ LQ NOHLQHXQDEKlQJLJH)DFHWWHQDXIJHWHLOWHV)UHVQHO3DUDERORLG
VHKHQGDVGLHQDKH]XSDUDOOHOH6WUDKOXQJGHU6RQQHLQVHLQHP%UHQQSXQNWIR
NXVVLHUW'LHVH)UHVQHO=HUOHJXQJ HU]HXJW VSH]LILVFKH$EELOGXQJVIHKOHU XQG(LQ
VFKUlQNXQJHQGHV6WUDKOXQJVWUDQVIHUVGLHLQGLHVHP$EVFKQLWWHUOlXWHUWZHUGHQ
VROOHQ
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

,P IROJHQGHQ ZLUG GDV +HOLRVWDWHQIHOG DOV HLQH YRQ LQILQLWHVLPDO NOHLQHQ
HEHQHQ +HOLRVWDWHQ VR GLFKW ZLH P|JOLFK EHGHFNWH )OlFKH DQJHVHKHQ 6SLUNO
.ULEXV,QGLHVHP.RQWLQXXPVIHOGVLQGGLH+HOLRVWDWHQSHUIHNWDXV
JHULFKWHW XQG YHUXUVDFKHQ VHOEHU NHLQHUOHL $EELOGXQJVIHKOHU ZLH ]XP %HLVSLHO
$VWLJPDWLVPXV GHU MD HUVW EHL DXVJHGHKQWHQ XQG GDUXP JHNUPPWHQ 6SLHJHOQ
DXIWULWW 'LH 9HUOXVWH XQG $EELOGXQJVIHKOHU EHLP .RQWLQXXPVIHOG UHVXOWLHUHQ
DOOHLQ DXV GHP )UHVQHO&KDUDNWHU GHV +HOLRVWDWHQIHOGHV DOVR GHU (QWNRSSOXQJ
GHUJOREDOHQ1HLJXQJGHV)HOGHVYRQGHUORNDOHQ1HLJXQJGHU6SLHJHO'LHSK\VL
NDOLVFKH$XVGHKQXQJYRQUHDOLVWLVFKHQ+HOLRVWDWHQXQGGHUHQ$QRUGQXQJXQWHU
HLQDQGHU /LSSV  /HDU\  .LVWOHU  VSLHOHQ KLHU NHLQH 5ROOH 'HU
:LUNXQJVJUDG GHV .RQWLQXXPIHOGHV VWHOOW VRPLW HLQH SK\VLNDOLVFKH 2EHUJUHQ]H
IUUHDOLVLHUEDUH)HOGHUGDU
1XQZLUG HLQ LQILQLWHVLPDOHV)OlFKHQHOHPHQWdA DXIGHP%RGHQGHV+HOLR
VWDWHQIHOGHV EHWUDFKWHW 'LH HLQIDOOHQGH 6WUDKOXQJ VROO YRQ HLQHP +HOLRVWDWHQ
UHIOHNWLHUWZHUGHQ(VN|QQHQ]ZHLXQWHUVFKLHGOLFKH6LWXDWLRQHQYRUOLHJHQ
,PHUVWHQ)DOOVWHKWGLH6RQQHYRQdADXVJHVHKHQK|KHUDOVGHU7XUP:LHLQ
$EELOGXQJGDUJHVWHOOWLVWDOVRGHU:LQNHO]ZLVFKHQGHU6RQQHQVWUDKOXQJXQG
GHU 6HQNUHFKWHQ φSonne NOHLQHU DOV GHU HQWVSUHFKHQGH :LQNHO φTurm IU GLH $E
VWUDKOXQJ ]XP 7XUP $XI GDV %RGHQHOHPHQWdA IlOOWPHKU 6WUDKOXQJ YRQ GHU
6RQQHHLQDOVYRQLKPDEJHVWUDKOWZHUGHQNDQQ'HU*UXQGOLHJWGDULQGDLQ
GDV3KDVHQUDXPYROXPHQYRQ6WUDKOXQJDXIGDV)OlFKHQHOHPHQWGHU&RVLQXVGHV
dA
φSonne
φTurm

$EELOGXQJ6WHKWGLH6RQQHK|KHUDOVGHU7XUPZLUGQLFKWDOOHDXIGHQ%RGHQHLQIDOOHQGH
6WUDKOXQJ]XP7XUPUHIOHNWLHUW'DVLVWGHU)DOOEHLKRKHP6RQQHQVWDQGRGHUEHLZHLWYRP7XUP
HQWIHUQWHQ+HOLRVWDWHQ
$EELOGXQJVIHKOHUXQG9HUOXVWHEHLP+HOLRVWDWHQIHOG

:LQNHOVGHU6WUDKOXQJ]XU1RUPDOHQDXIGLHJOREDOH$XVULFKWXQJGHV)HOGHVDOVR
GHU6HQNUHFKWHQHLQJHKW'DLQGLHVHP)DOOφSonne<φTurm, LVWGDV3KDVHQUDXP
YROXPHQGHU6WUDKOXQJLQ5LFKWXQJ7XUPNOHLQHUDOVGDVGHU6WUDKOXQJGLHYRQ
GHU6RQQHNRPPW'HU+HOLRVWDWGLFNHJUDXH/LQLHZLUGVRJURJHZlKOWGDHU
GLHPD[LPDOP|JOLFKH6WUDKOXQJVPHQJHLQ5LFKWXQJGHV7XUPHVUHIOHNWLHUW'LH
DXIGHQ%RGHQ IDOOHQGH6WUDKOXQJJHKWQLFKWDOV9HUOXVW LQGLH*HVDPWHIIL]LHQ]
HLQZHQQGLH(LQVWUDKOXQJDXIGLH6SLHJHOIOlFKHEH]RJHQZLUG
,Q$EELOGXQJZLUGGLHDQGHUH6LWXDWLRQGDUJHVWHOOW'HU7XUPVWHKW YRQ
dADXVJHVHKHQK|KHUDOVGLH6RQQH ,QGLHVHP)DOO LVWGDV(WHQGXHGHU6WUDK
OXQJGLH ]XP7XUPDEJHVWUDKOWZHUGHQNDQQJU|HUDOVGDV(WHQGXHGHU(LQ
VWUDKOXQJ YRQ GHU 6RQQH 'HU 6SLHJHO ZLUG ZLHGHUXP VR DQJHSDW GD DOOH
HLQIDOOHQGH 6WUDKOXQJ UHIOHNWLHUW ZLUG 9RP 6HNXQGlUUHIOHNWRU DXV JHVHKHQ HU
VFKHLQHQ/FNHQ]ZLVFKHQGHQ+HOLRVWDWHQ'LHVH/|FKHU]ZLVFKHQ*HELHWHQGHU
NRQ]HQWULHUWHQ 6RQQHQVWUDKOXQJ YHUGQQHQ GLH 6WUDKOXQJ YRQ GHQ EHWURIIHQHQ
7HLOHQ GHV +HOLRVWDWHQIHOGHV XQG UHGX]LHUHQ VRPLW GLH HUUHLFKEDUH .RQ]HQWUD
WLRQ(LQHJHQDXH+HUOHLWXQJGLHVHU(IIHNWHLVWLQ.DUQL]XILQGHQHLQHQ
JHRPHWULVFKHQ=XJDQJRKQH%HUFNVLFKWLJXQJGHV(WHQGXHOLHIHUW5LD]
dA
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
$EELOGXQJ6WHKWGLH6RQQHQLHGULJHUDOVGHU7XUPZLUGGLHJHVDPWHDXIGHQ%RGHQHLQIDO
OHQGH 6WUDKOXQJ ]XP7XUP UHIOHNWLHUW $OOHUGLQJVZHUGHQ YRP7XUPDXV/FNHQ ]ZLVFKHQGHQ
+HOLRVWDWHQJHVHKHQGLHGLHHLQNRPPHQGH6WUDKOXQJYHUGQQHQ'DVLVWGHU)DOOEHLQLHGULJHP
6RQQHQVWDQGXQGEHLQDKHEHLP7XUPVWHKHQGHQ+HOLRVWDWHQ
'LH(IIL]LHQ]GHV+HOLRVWDWHQIHOGHVZLUGDXIGHVVHQ6SLHJHOIOlFKHEH]RJHQV
$EVFKQLWW'HUHLQ]HOQH+HOLRVWDWZLUGYRQGHU6RQQHDXVXQWHUHLQHPEH
VWLPPWHQ:LQNHOα JHVHKHQ'HU&RVLQXV GLHVHV:LQNHOV ]ZLVFKHQGHU 6RQQHQ
VWUDKOXQJ XQG GHU 1RUPDOH GHV +HOLRVWDWHQ DOVR GHU ORNDOHQ $XVULFKWXQJ GHV
)UHVQHO5HIOHNWRUV V$EELOGXQJ JHKW DOV)DNWRU LQGLH(IIL]LHQ]GHV+HOLR
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

VWDWHQ HLQ 'D]X NRPPHQ QRFK GLH $EVRUSWLRQVYHUOXVWH EHL GHU 5HIOH[LRQ GHU
6RQQHQVWUDKOXQJDP6SLHJHO'HU:LQNHOαKDOELHUWLPPHUGHQ:LQNHO]ZLVFKHQ
GHUHLQIDOOHQGHQ6RQQHQVWUDKOXQJXQGGHULQ5LFKWXQJGHV7XUPHVUHIOHNWLHUWHQ
6WUDKOXQJ'HVZHJHQ LVWGLH(IIL]LHQ]GHVHLQ]HOQHQ+HOLRVWDWHQPD[LPDOZHQQ
GHU:LQNHODEVWDQG]ZLVFKHQ7XUPXQG6RQQHNOHLQZLUG
α
α

$EELOGXQJ  'LH (IIL]LHQ] HLQHV HLQ]HOQHQ +HOLRVWDWHQ JUDXH /LQLH ULFKWHW VLFK QDFK GHP
:LQNHOα ]ZLVFKHQ VHLQHU1RUPDOHQ XQG GHU 6RQQHQHLQVWUDKOXQJ'HU+HOLRVWDW HUVFKHLQW YRQ
GHU6RQQHDXVJHVHKHQXQWHUHLQHUXPGHQ)DNWRUcos α NOHLQHUHQ)OlFKHGLFNHJHSXQNWHWH/L
QLH'LHVH)OlFKHZUGHDXVUHLFKHQXPGLH6RQQHQVWUDKOHQ]XUHIOHNWLHUHQGHUVFKUlJH:LQNHO
YHUULQJHUWGHQ1XW]XQJVJUDGGHU+HOLRVWDWHQIOlFKH
-HGHU+HOLRVWDWELOGHWGLH6RQQHDXIGLH(LQWULWWVDSHUWXUGHV6HNXQGlUUHIOHN
WRUVDE'LH*U|HGLHVHV%LOGHVLVWGLUHNWSURSRUWLRQDO]XU(QWIHUQXQJGHV+HOLR
VWDWHQYRP6HNXQGlUUHIOHNWRUGDGLH6WUDKOXQJLPZHVHQWOLFKHQDXVHLQHP.HJHO
NRPPW8QWHUVFKLHGOLFKZHLWHQWIHUQWH+HOLRVWDWHQHU]HXJHQDOVRXQWHUVFKLHGOLFK
JURH%LOGHU'LHhEHUODJHUXQJGLHVHU%LOGHU IKUW ]XHLQHU9HUVFKPLHUXQJGHU
%HVWUDKOXQJVVWlUNHYHUWHLOXQJ DXI GHU (LQWULWWVDSHUWXU 'LH $XVZLUNXQJHQ GLHVHV
(IIHNWHVZHUGHQLPIROJHQGHQ$EVFKQLWWQlKHUEHVFKULHEHQ
=X EHPHUNHQ EOHLEW GD GLH EHVFKULHEHQHQ 9HUOXVW XQG 9HUGQQXQJVPH
FKDQLVPHQYRP6RQQHQVWDQGDEKlQJHQ'DPLWYHUlQGHUWVLFKGLH(IIL]LHQ]HLQHV
HLQ]HOQHQ+HOLRVWDWHQVRZRKOLP7DJHVDOVDXFKLP-DKUHYHUODXI'LH*U|HHL
QHV+HOLRVWDWHQLP.RQWLQXXPVIHOG LVWDXFKYRP6RQQHQVWDQGDEKlQJLJ(VLVW
DOVR NHLQ VWDWLVFKHV )HOG VRQGHUQ VWHOOW IU HLQHQ JHJHEHQHQ 6RQQHQVWDQG GDV
SK\VLNDOLVFKH 2SWLPXP GDU )U GLH $XVOHJXQJ YRQ UHDOHQ +HOLRVWDWHQIHOGHUQ
ZHUGHQ6LPXODWLRQVSURJUDPPHYHUZHQGHWGLHGLH(IIL]LHQ] MHGHVHLQ]HOQHQ+H
OLRVWDWHQ LP -DKUHVODXIXQWHU%HUFNVLFKWLJXQJ VHLQHUZLUNOLFKHQ)RUPXQG$E
ELOGXQJVHLJHQVFKDIWHQ EHUHFKQHQ /LSSV  /HDU\  .LVWOHU  9RQ
'LH6WUDKOXQJLP)RNXVHLQHV+HOLRVWDWHQIHOGHV

GHQ P|JOLFKHQ 6WDQGRUWHQ LP +HOLRVWDWHQIHOG ZHUGHQ GDQQ GLHMHQLJHQ DXVJH
ZlKOWGLHLQGHUYRUJHVHKHQHQ%HWULHEV]HLWGHV.UDIWZHUNHVGLHJU|WH(IIL]LHQ]
HUEULQJHQ
2.3 Die Strahlung im Fokus eines Heliostatenfeldes 
'LH6WUDKOXQJLQGHU)RNDOHEHQHGHV+HOLRVWDWHQIHOGHVLVWGLH(LQJDQJVVWUDK
OXQJIUGHQ6HNXQGlUUHIOHNWRU6LHVROOP|JOLFKVWHIIL]LHQWNRQ]HQWULHUWZHUGHQ
,Q GLHVHP $EVFKQLWW ZHUGHQ GLH VSH]LILVFKHQ (LJHQVFKDIWHQ GLHVHU 6WUDKOXQJ
DXIJH]HLJW LQVEHVRQGHUH LKUH 9HUWHLOXQJ LP 2UWV XQG 5LFKWXQJVUDXP +LHUIU
ZLUGGDV+HOLRVWDWHQIHOGDP:,6EHVFKULHEHQGHVVHQ6WUDKOXQJGLH*UXQGODJH
IUGLHPHLVWHQGHUVSlWHUYRUJHVWHOOWHQRSWLPLHUWHQ6HNXQGlUUHIOHNWRUHQELOGHW
2.3.1 Das Heliostatenfeld am Weizmann Institute of Science 
'DV:,6 YHUIJW EHU ZHLWUHLFKHQGH ([SHULPHQWLHUP|JOLFKNHLWHQ LP*HELHW
GHUNRQ]HQWULHUWHQ6RODUVWUDKOXQJ'DV.HUQVWFNELOGHWGDVH[SHULPHQWHOOH+H
OLRVWDWHQIHOGPLWGHPGD]XJHK|ULJHQ/DERUWXUP$EELOGXQJ]HLJWGLH$QODJH
'DV UHFKWV ]X HUNHQQHQGH+HOLRVWDWHQIHOG KDW LQ HWZDGLH)RUP HLQHV5LQJVHJ
PHQWHV,P7XUPVLQGDXIPHKUHUHQ(EHQHQ/DERUVXQWHUJHEUDFKW

$EELOGXQJ  'DV +HOLRVWDWHQIHOG DP :HL]PDQQ ,QVWLWXWH RI 6FLHQFH PLW GHP /DERUWXUP
5HFKWVVLQGGLHUHFKWHFNLJHQ+HOLRVWDWHQ]XHUNHQQHQ,P7XUPOLQNVVLQGDXIIQI(EHQHQ/D
ERUVIU([SHULPHQWHPLWKRFKNRQ]HQWULHUWHU6RQQHQVWUDKOXQJXQWHUJHEUDFKW
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

=LHOGLHVHU$UEHLWLVWHVVRZRKOGLHSK\VLNDOLVFKHQDOVDXFKGLHXQWHUGHQJH
JHEHQHQ 5DQGEHGLQJXQJHQ SUDNWLVFK HUUHLFKEDUHQ *UHQ]HQ GHU .RQ]HQWUDWLRQ
YRQ6WUDKOXQJHLQHV+HOLRVWDWHQIHOGHVPLWUHDOLVWLVFKHP/D\RXW]XXQWHUVXFKHQ
(VLVWQLFKWGDV=LHOGLHVHU$UEHLWGDV+HOLRVWDWHQIHOGPLWVHLQHQH[DNWHQ(LJHQ
VFKDIWHQ]XUHSURGX]LHUHQ'LH LPIROJHQGHQEHVFKULHEHQH6WUDKOXQJZXUGHIU
GDV/DERULPQHXQWHQ6WRFNVLPXOLHUWLQGHPDXFKGLHLQ$EVFKQLWWEHVFKULH
EHQHQ9HUVXFKH GXUFKJHIKUW ZXUGHQ )U GLH 6LPXODWLRQZXUGHGDV+HOLRVWD
WHQIHOG GXUFK HLQ.RQWLQXXPIHOGPLW HOOLSWLVFKHU*UXQGIOlFKH DQJHQlKHUW'LH
JHRPHWULVFKHQ9HUKlOWQLVVHVLQGLQ$EELOGXQJVNL]]LHUW
Norden
O
st
en
θ
N-S
O-W
θ

$EELOGXQJ  6NL]]H GHV .RQWLQXXPIHOGHVPLW GHP GDV+HOLRVWDWHQIHOG DP:,6 DQJHQlKHUW
ZLUG'LH+|KHGHV)RNXVEHUGHP)HOGEHWUlJW P9RQGRUW DOVRYRP6HNXQGlUUHIOHNWRU
DXVJHVHKHQHUVFKHLQWGDV)HOGDOV(OOLSVH'LHYRQGRUWHLQIDOOHQGH6WUDKOXQJNRPPWDXVHLQHP
IODFKJHGUFNWHQ.HJHOPLWGHQgIIQXQJVZLQNHOQθN-S LQ1RUG6G5LFKWXQJXQGθO-W 
LQ2VW:HVW5LFKWXQJ
0DQVLHKWGDGDVJHVDPWH+HOLRVWDWHQIHOGQ|UGOLFKGHV7XUPHVDQJHRUGQHW
LVW'HU*UXQGIUGLHVHVRJHQDQQWH1RUG)HOG$QRUGQXQJLVWGDGLH6RQQHDP
6WDQGRUWGHU$QODJHLPPHUDP6GKLPPHOVWHKW:HQQGLH6RQQHXQGGHU7XUP
YRP+HOLRVWDWHQ DXV JHVHKHQ HLQHQ NOHLQHQ:LQNHODEVWDQG KDEHQ LVW GLH (IIL
]LHQ]GHUHLQ]HOQHQ+HOLRVWDWHQDPJU|WHQZLHLPYRULJHQ$EVFKQLWWGDUJHOHJW
ZXUGH
'LH $XVGHKQXQJ GHV +HOLRVWDWHQIHOGHV LQ 2VW:HVW5LFKWXQJ LVW ZHVHQWOLFK
JU|HUDOVLQ1RUG6G5LFKWXQJVRZRKOLP2UWVUDXPDXIGHP)HOGDOVDXFKLP
5LFKWXQJVUDXPYRQGHU)RNDOHEHQHDXVJHVHKHQ'HU*UXQGKLHUIULVWGDPDQ
YHUVXFKWGLH%HVWUDKOXQJVVWlUNHYHUWHLOXQJLQGHU)RNDOHEHQHP|JOLFKVWNRPSDNW
]X KDOWHQ :HLW YRP 7XUP HQWIHUQWH +HOLRVWDWHQ ZHUIHQ HLQH JURHV %LOG GHU
6RQQHXQGVFKPLHUHQGLH9HUWHLOXQJVRPLWDXVVYRULJHU$EVFKQLWW
'LH6WUDKOXQJLP)RNXVHLQHV+HOLRVWDWHQIHOGHV

2.3.2 Die Verteilung der Strahlung im Ortsraum 
'LH%HVWUDKOXQJVVWlUNHYHUWHLOXQJ LQGHU)RNDOHEHQHGHV+HOLRVWDWHQIHOGHV LVW
LQ $EELOGXQJ  GDUJHVWHOOW 'LH 9HUWHLOXQJ LVW QDKH]X URWDWLRQVV\PPHWULVFK
IlOOWDEHUYRQLQQHQQDFKDXHQKLQGHXWOLFKDE'HU$EIDOOHQWVWHKWGXUFKGLH
hEHUODJHUXQJ GHU YHUVFKLHGHQHQ %LOGHU GHU 6RQQH GLH YRQ GHQ YHUVFKLHGHQHQ
2UWHQLP+HOLRVWDWHQIHOGHU]HXJWZHUGHQ'LH$EVWUDKOXQJHLQHVHLQ]HOQHQ+HOLR
VWDWHQ HUIROJW LQ HLQHP .HJHO PLW *DXVVªVFKHQ 5LFKWXQJVSURILO V $EVFKQLWW
 'LH GDUJHVWHOOW 8QWHUWHLOXQJ LQ (LQWULWWVDSHUWXUHQ JHWUHQQWHU 6HNXQGlU
UHIOHNWRUHQHUP|JOLFKWGLHJHWUHQQWH1XW]XQJXQWHUVFKLHGOLFKGLFKWHU6WUDKOXQJ
GLHLPIROJHQGHQ$EVFKQLWWEHVFKULHEHQZLUG(LQ5LQJYRQIQIHFNLJHQSHULSKH
UHQ$SHUWXUHQLVWXPGLH]HKQHFNLJH]HQWUDOH$SHUWXUDQJHRUGQHW
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$EELOGXQJ  9HUWHLOXQJ GHU%HVWUDKOXQJVVWlUNH LQ GHU)RNDOHEHQH GHV+HOLRVWDWHQIHOGHV'LH
0DHLQKHLWDXIGHQ$FKVHQLVWP'LHJHVWULFKHOWHQ/LQLHQVWHOOHQGLH$XIWHLOXQJGHU$SHUWXU
HEHQHLQHLQ]HOQH(LQWULWWVDSHUWXUHQIUPHKUHUH6HNXQGlUUHIOHNWRUHQGDU'LHHLQ]HOQHQ6WXIHQ
]HLJHQ6FKULWWHGHV0D[LPDOZHUWHV
2.3.3 Die Verteilung im Richtungsraum 
$EELOGXQJ]HLJWGLH6WUDKOVWlUNHYHUWHLOXQJDOVRGLH9HUWHLOXQJGHU6WUDK
OXQJ LP5LFKWXQJVUDXPLQGHU)RNDOHEHQHGHV+HOLRVWDWHQIHOGHV'LH5LFKWXQJ
XQWHUGHU6WUDKOXQJLP)RNXVGHVDEELOGHQGHQ+HOLRVWDWHQIHOGHVHLQWULIIWUHSUl
VHQWLHUWLPZHVHQWOLFKHQGHQ2UWYRQGHPGLH6WUDKOXQJDXIGHP)HOGDXVJHKW
0DQ HUNHQQW GD GLH 6WUDKOXQJ DXV HLQHP HOOLSWLVFKHQ.HJHO HLQIlOOW GHU GLH
3URMHNWLRQGHUHOOLSWLVFKHQ)RUPGHV)HOGHVUHSUlVHQWLHUW6WUDKOXQJYRPQ|UGOL
FKHQ 5DQG GHV )HOGHV HUVFKHLQW LQ GHU JHZlKOWHQ'DUVWHOOXQJ REHQ 6WUDKOXQJ
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

YRPVGOLFKHQ5DQGGHV)HOGHVXQWHQEHLQHJDWLYHQ:HUWHQYRQky'LH6WUDKO
VWlUNHQLPPW]XNOHLQHUHQ:HUWHQYRQkyKLQDE
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$EELOGXQJ6WUDKOVWlUNH9HUWHLOXQJGHU6WUDKOXQJDXIGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV
LP5LFKWXQJVUDXP'LH$EVWXIXQJHQVLQGGHV0D[LPDOZHUWHV
-HGHU HLQ]HOQH+HOLRVWDWHQSURGX]LHUW HLQ%LOGGHU6RQQH LQGHU)RNDOHEHQH
GHV )HOGHV GDV QLFKW VFKDUI DEJHJUHQ]W LVW VRQGHUQ GHVVHQ%HVWUDKOXQJVVWlUNH
YHUWHLOXQJQDFKDXHQKLQDEIlOOWV$EVFKQLWW'LHZHLWHUHQWIHUQWHQ+H
OLRVWDWHQ DPQ|UGOLFKHQ5DQGGHV)HOGHVZHUIHQ JU|HUH%LOGHU GHU 6RQQHDXI
GLH)RNDOHEHQHDOVGLHQlKHUVWHKHQGHQ+HOLRVWDWHQYRP6GUDQG'LHVHU]HXJW
HLQH$EKlQJLJNHLWGHU6WUDKOVWlUNHYHUWHLOXQJYRP2UWLQGHU)RNDOHEHQH,P=HQ
WUXPGHU)RNDOHEHQHVLHKWPDQGLH6WUDKOXQJPLWJOHLFKPlLJHU6WUDKOVWlUNHDXV
GHPJHVDPWHQYRP)HOGDXVJHIOOWHQ5LFKWXQJVEHUHLFKNRPPHQ-HZHLWHUPDQ
VLFKYRP=HQWUXPGHU)RNDOHEHQHQDFKDXHQEHZHJWGHVWRZHQLJHU6WUDKOXQJ
NRPPWYRQGHQQDKHQ)HOGEHUHLFKHQGLHMDNOHLQHUH6RQQHQELOGHUHU]HXJHQ'D
GLH6WUDKOXQJDP5DQGGHU)RNDOHEHQHYRUDOOHPDXFKDXVGHQ5DQGEHUHLFKHQ
GHU HLQ]HOQHQ6RQQHQELOGHU ]XVDPPHQJHVHW]W LVWZLUGGLH6WUDKOXQJKLHUDXFK
LP5LFKWXQJVUDXPLQVJHVDPWGQQHU$EELOGXQJ]HLJWGLH6WUDKOVWlUNHYHUWHL
OXQJ DXI GHU ]HKQHFNLJHQ ]HQWUDOHQ $SHUWXU LQ $EELOGXQJ  'LH 6WUDKOXQJ
NRPPWYRPJHVDPWHQ)HOG'LH.RQWUDVWHLQGHU6WUDKOVWlUNHYHUWHLOXQJVLQGZH
VHQWOLFKZHQLJHUGHXWOLFKDOVLQ$EELOGXQJZRGLHJHVDPWH6WUDKOXQJEHUFN
VLFKWLJW ZXUGH DOVR DXFK GLH DP 5DQG GHU $SHUWXU GLH EHYRU]XJW YRQ GHQ
HQWIHUQWHQ7HLOHQGHV)HOGHVNRPPW
,Q$EELOGXQJ LVWGLH6WUDKOVWlUNHYHUWHLOXQJDXIGHP5LQJYRQ IQIHFNL
JHQ $SHUWXUHQ LQ $EELOGXQJ  DXIJHWUDJHQ 'LH 6WUDKOXQJ KLHU LVW GHXWOLFK
GQQHUDOVDXIGHU]HQWUDOHQ$SHUWXUXQGNRPPWYRUQHKPOLFKYRQGHQHQWIHUQ
WHQ7HLOHQGHV)HOGHV'HUVGOLFKH7HLOGHV)HOGHVOLHIHUWNHLQHQQHQQHQVZHUWHQ
%HLWUDJ
'LH6WUDKOXQJLP)RNXVHLQHV+HOLRVWDWHQIHOGHV

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$EELOGXQJ6WUDKOVWlUNHYHUWHLOXQJGHU6WUDKOXQJLP=HQWUXPGHU$SHUWXU
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
$EELOGXQJ6WUDKOVWlUNHYHUWHLOXQJGHU6WUDKOXQJDPDXIGHQSHULSKHUHQ$SHUWXUHQ
'HU9HUJOHLFK]ZLVFKHQ$EELOGXQJXQG$EELOGXQJ]HLJWGDLP=HQ
WUXPGHU )RNDOHEHQH HLQH UHODWLY KRPRJHQH 6WUDKOXQJ DXV GHP JHVDPWHQ YRP
)HOG DXVJHIOOWHQ5LFKWXQJVEHUHLFK YRUKHUUVFKW'LHVH 6WUDKOXQJ NDQQ VHKU JXW
PLW5HIOHNWRUHQNRQ]HQWULHUWZHUGHQGLHIU6WUDKOXQJDXVHLQHPKRPRJHQDXV
JHIOOWHQ HOOLSWLVFKHQ5LFKWXQJVEHUHLFK HQWZRUIHQ VLQG 6ROFKH5HIOHNWRUHQZXU
GHQ LP 5DKPHQ GLHVHU $UEHLW HQWZLFNHOW XQG XQWHUVXFKW 'LH (UJHEQLVVH YRQ
RSWLPLHUWHQ6HNXQGlUUHIOHNWRUHQIUGDV=HQWUXPGHU)RNDOHEHQHZHUGHQLQ$E
VFKQLWWJH]HLJW
5HIOHNWRUHQDXVGHQ/HKUEFKHUQGHUQLFKWDEELOGHQGHQ2SWLNVLQGLQGHU5H
JHOIU6WUDKOXQJDXVHLQHPURWDWLRQVV\PPHWULVFKHQKRPRJHQDXVJHIOOWHQ5LFK
WXQJVUDXPHQWZRUIHQ)UGLHYRUOLHJHQGH$UEHLWZXUGHQGLHVHDXI6WUDKOXQJDXV
HLQHP HOOLSWLVFKHQ 5LFKWXQJVJHELHW HUZHLWHUW XQG XQWHU JHJHEHQHQ 5DQGEHGLQ
JXQJHQ RSWLPLHUW =XU .RQ]HQWUDWLRQ GHU 6WUDKOXQJ DP 5DQG GHU $SHUWXU EH
VWHKW QRFK HLQ VLJQLILNDQWHV 9HUEHVVHUXQJVSRWHQWLDO GXUFK (LQIKUXQJ ZHLWHUHU
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

DV\PPHWULVFKHU)UHLKHLWVJUDGH LQGLH)RUPGHUKLHUHQWZLFNHOWHQ5HIOHNWRUHQV
$EVFKQLWW
2.4 Thermisch mehrstufige Nutzung 
'LH (LQVWUDKOXQJ LQ GHU )RNDOHEHQH GHV +HOLRVWDWHQIHOGHV LVW ZLH LQ
$EELOGXQJ  JH]HLJW LP 2UWVUDXP VHKU XQJOHLFKPlLJ YHUWHLOW 'LH %HVWUDK
OXQJVVWlUNHIlOOWYRQVHKUKRKHQ:HUWHQLP=HQWUXPQDFKDXHQKLQDE-HGHP
HLQ]HOQHQ :HUW GHU %HVWUDKOXQJVVWlUNH NDQQ HLQH 6WUDKOXQJVWHPSHUDWXU ]XJH
RUGQHWZHUGHQ'LHV LVW GLH7HPSHUDWXU GHVMHQLJHQ VFKZDU]HQ.|USHUV GHUPLW
GHUJOHLFKHQ%HVWUDKOXQJVVWlUNHVWUDKOHQZUGH%HUJPDQQ'LHVLVWVRPLW
DXFK GLH 7HPSHUDWXU GLH HLQ VFKZDU]HU $EVRUEHU LP*OHLFKJHZLFKWPLW GLHVHU
%HVWUDKOXQJVVWlUNH HUUHLFKHQ N|QQWHZHLO GDQQ VHLQHDEJHVWUDKOWH/HLVWXQJGLH
HLQJHVWUDKOWHNRPSHQVLHUW
:HQQDOVRGLH*HELHWHPLWXQWHUVFKLHGOLFKHU%HVWUDKOXQJVVWlUNH*HELHWHQPLW
XQWHUVFKLHGOLFKHU7HPSHUDWXUHQWVSUHFKHQLVWHVQDKHOLHJHQGGLHVHXQWHUVFKLHG
OLFKHQ7HPSHUDWXUHQEHLGHU8PVHW]XQJLQPHFKDQLVFKH$UEHLWRGHUHOHNWULVFKHQ
6WURP ]X WUHQQHQ XP QLFKW GLH PLW KRKHQ 7HPSHUDWXUHQ HUUHLFKEDUHQ :LU
NXQJVJUDGHPLWGHQLP9HUJOHLFKVFKOHFKWHUHQ]XPLVFKHQGLHPLWGHQQLHGULJH
UHQ7HPSHUDWXUHQ]XHU]LHOHQVLQG
'LH8PVHW]XQJGLHVHV3ULQ]LSVDXI6RODUWXUPNUDIWZHUNH LVWGDV.RQ]HSWGHU
WKHUPLVFKHQ0HKUVWXILJNHLW5LHV.ULEXV(VEHGHXWHWGDGLH6WUDK
OXQJ LQGHU)RNDOHEHQHGHV+HOLRVWDWHQIHOGHVQLFKW LQHLQHPHLQ]LJHQ$EVRUEHU
XPJHVHW]W ZLUG VRQGHUQ LQPHKUHUHQ GLH EHL XQWHUVFKLHGOLFKHQ7HPSHUDWXUHQ
DUEHLWHQ(LQH0|JOLFKNHLWKLHUIULVWMHGHP$EVRUEHUHLQHQHLJHQHQ6HNXQGlUUH
IOHNWRU]X]XRUGQHQ'LH)RNDOHEHQHGHV)HOGHVLVWGDQQXQWHUWHLOWGXUFKGLH(LQ
WULWWVDSHUWXUHQ GHU HLQ]HOQHQ 6HNXQGlUUHIOHNWRUHQ (LQHP|JOLFKH 6WUDWHJLH ]XU
8QWHUWHLOXQJ LVW LQ$EELOGXQJGDUJHVWHOOWZRGLH6WUDKOXQJLP=HQWUXPGHU
)RNDOHEHQH YRQ HLQHP 6HNXQGlUUHIOHNWRUPLW ]HKQHFNLJHU (LQWULWWVDSHUWXU NRQ
]HQWULHUWZLUGGHUYRQHLQHP5LQJYRQZHLWHUHQ5HIOHNWRUHQPLWIQIHFNLJHQ(LQ
WULWWVDSHUWXUHQ XPJHEHQ LVW GLH GLHZHQLJHU LQWHQVLYH 6WUDKOXQJ NRQ]HQWULHUHQ
(LQHZHLWHUHP|JOLFKH$QRUGQXQJLVWGLH8QWHUWHLOXQJGHU)RNDOHEHQHGHV)HOGHV
LQ LGHQWLVFKH VHFKVHFNLJH RGHU UHFKWHFNLJH (LQWULWWVDSHUWXUHQ 6XUHVK 
.ULEXV
$EELOGXQJ]HLJWGLHPD[LPDOHUUHLFKEDUHQ.HQQOLQLHQIU6WUDKOXQJDXI
HLQHQ ]HQWUDOHQ 6HNXQGlUUHIOHNWRU XQG GLH SHULSKHUHQ 6HNXQGlUUHIOHNWRUHQ V
$EVFKQLWW0LWGHQSHULSKHUHQ6HNXQGlUUHIOHNWRUHQHUUHLFKWPDQEHLJOHL
7KHUPLVFKPHKUVWXILJH1XW]XQJ

FKHU7UDQVPLVVLRQGHXWOLFKJHULQJHUH:HUWH IUGLH.RQ]HQWUDWLRQ'HPHQWVSUH
FKHQGNDQQPDQLP]HQWUDOHQ$EVRUEHUGHXWOLFKK|KHUH7HPSHUDWXUHQHUUHLFKHQ
DOVLQGHQSHULSKHUHQ$EVRUEHUQ8UVDFKHIUGLHJHULQJHUHHUUHLFKEDUH.RQ]HQ
WUDWLRQDXIGHQlXHUHQ%HUHLFKHQGHU)RNDOHEHQHLVWGLHJHULQJHUH6WUDKOVWlUNH
GHUKLHUHLQIDOOHQGHQ6WUDKOXQJ
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Relative Konzentration Crel 
$EELOGXQJ  2SWLPDOH .HQQOLQLHQ IU 6WUDKOXQJ IU ]HQWUDOH JHVWULFKHOW XQG SHULSKHUH
JHSXQNWHW6HNXQGlUUHIOHNWRUHQ'LH5HIOHNWRUHQDP5DQGGHU$SHUWXUHUUHLFKHQGHXWOLFKZHQL
JHU.RQ]HQWUDWLRQEHLJOHLFKHU7UDQVPLVVLRQ
$EELOGXQJ  ]HLJW GHQ (LQIOX GHU 8QWHUWHLOXQJ LQ PHKUHUH WKHUPLVFKH
6WXIHQIU8PVHW]XQJGHU6WUDKOXQJHLQHV+HOLRVWDWHQIHOGHVLQ:lUPH(VLVWGLH
HUUHLFKEDUH /HLVWXQJVHIIL]LHQ] LQ$EKlQJLJNHLW GHU$XVJDQJVWHPSHUDWXU GHV$U
EHLWVPHGLXPVDXIJHWUDJHQ'LH$XVJDQJVWHPSHUDWXULVWUHODWLY]XPHUUHLFKEDUHQ
0D[LPXPDQJHJHEHQ0DQHUNHQQWGHXWOLFKGDV9HUEHVVHUXQJVSRWHQWLDOGHU8Q
WHUWHLOXQJLQPHKUHUHWKHUPLVFKH6WXIHQ'HUSK\VLNDOLVFKH*UHQ]ZHUWZLUGGXUFK
GLH8QWHUWHLOXQJLQXQHQGOLFKYLHOHLQILQLWHVLPDONOHLQHWKHUPLVFKH8QWHUVWXIXQ
JHQYRUJHJHEHQ,P9HUJOHLFK]XHLQHUWKHUPLVFKHQ6WXIHHUUHLFKWPDQGXUFKGLH
(LQIKUXQJHLQHUZHLWHUHQ WKHUPLVFKHQ6WXIHEHUHLWVHWZDGLH+lOIWHGHUP|JOL
FKHQ9HUEHVVHUXQJ
+HOLRVWDWHQIHOGXQG6RODUWXUPNUDIWZHUN

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Austrittstemperatur 
$EELOGXQJ  7KHUPLVFKHU :LUNXQJVJUDG LQ $EKlQJLJNHLW GHU $XVWULWWVWHPSHUDWXU GHV $U
EHLWVPHGLXPV IU HLQH ]ZHL XQG LQILQLWHVLPDO YLHOH WKHUPLVFKH 8QWHUWHLOXQJHQ 'LH
$XVWULWWVWHPSHUDWXULVWKLHUUHODWLY]XUPD[LPDOHUUHLFKEDUHQ7HPSHUDWXUDQJHJHEHQ


3 Ergebnisse: Sekundärreflektoren für Solarturm-
kraftwerke 
,QGLHVHP.DSLWHOZHUGHQYHUVFKLHGHQHQHXDUWLJH5HIOHNWRUHQ]XU.RQ]HQWUDWLRQ
YRQ6WUDKOXQJHLQHV+HOLRVWDWHQIHOGHVYRUJHVWHOOW+LHUEHLZLUGGLH0HWKRGHGHV0D
VFKQHLGHUQVQDFK5DQGVWUDKOHQXQGGLH2SWLPLHUXQJPLWWHOV6WUDKOYHUIROJXQJDQJH
ZDQGW
,QHLQHP]ZHLGLPHQVLRQDOHQ4XHUVFKQLWWGXUFKHLQ1RUG)HOGLQ1RUG6G5LFK
WXQJZHUGHQ5HIOHNWRUHQQDFKGHQ5DQGVWUDKOHQGHV+HOLRVWDWHQIHOGHVPDJHVFKQHL
GHUW 'LH UHVXOWLHUHQGHQ 5HIOHNWRUIRUPHQ KDEHQ DQQlKHUQG GLH )RUP YRQ IODFKHQ
/LQLHQVWFNHQ'LH ]ZHL/LQLHQVWFNH GLHGHQ6HNXQGlUUHIOHNWRUELOGHQ VLQGQLFKW
V\PPHWULVFK EH]JOLFK HLQHUEHOLHELJHQ$FKVH 6RKDEHQ VLH ]XP%HLVSLHO LPDOOJH
PHLQHQXQWHUVFKLHGOLFKH/lQJHQXQG1HLJXQJHQ
$XI%DVLVGHU(UJHEQLVVHGHV0DVFKQHLGHUQVQDFK5DQGVWUDKOHQZLUGHLQDV\P
PHWULVFKHU .RQXV5HIOHNWRU DOV 6HNXQGlUUHIOHNWRU IU HLQ NUHLVI|UPLJHV 1RUG)HOG
YRUJHVWHOOW(UYHUELQGHWHLQHHOOLSWLVFKH(LQWULWWVDSHUWXUPLWHLQHUNUHLVI|UPLJHQ$XV
WULWWVDSHUWXU'HURSWLPLHUWH.RQXV5HIOHNWRULVWGHXWOLFKEHVVHU]XU.RQ]HQWUDWLRQGHU
+HOLRVWDWHQVWUDKOXQJJHHLJQHWDOVHLQ&3&5HIOHNWRU0LWGHP.RQXVHUUHLFKWPDQEHL
7UDQVPLVVLRQHLQHXPK|KHUH.RQ]HQWUDWLRQGHU6WUDKOXQJ'LHV]HLJWGD
VLFKGHURSWLPLHUWH.RQXV5HIOHNWRUGHXWOLFKEHVVHUDQGLHJHJHEHQH6WUDKOXQJDQSDV
VHQ NDQQ DOV GHU EHNDQQWH &3&5HIOHNWRUPLW URWDWLRQVV\PPHWULVFKHU 5LFKWXQJVDN
]HSWDQ]
,Q HLQHPZHLWHUHQ$EVFKQLWWZHUGHQRSWLPLHUWH5HIOHNWRUHQ IU6WUDKOXQJYRUJH
VWHOOWGLHDXVHLQHPURWDWLRQVV\PPHWULVFKHQ5LFKWXQJVEHUHLFKKRPRJHQDXIGLH(LQ
WULWWVDSHUWXU HLQIlOOW&3&5HIOHNWRUHQ VLQG IUGLHVH6WUDKOXQJHQWZRUIHQXQGDXFK
JXW]XLKUHU.RQ]HQWUDWLRQJHHLJQHWZHLVHQDEHU7UDQVPLVVLRQVYHUOXVWHDXI&3&5H
IOHNWRUHQZHUGHQELVKHUDPKlXILJVWHQDOV6HNXQGlUUHIOHNWRUHQIU7XUPNUDIWZHUNH
HLQJHVHW]W*U|HUH&3&5HIOHNWRUHQZHUGHQRIWDXVWHFKQLVFKHQ*UQGHQDXVHEHQHQ
RGHU HLQGLPHQVLRQDO JHNUPPWHQ )DFHWWHQ ]XVDPPHQJHVHW]W %HL GHQ YRUJHVWHOOWHQ
5HFKQXQJHQZXUGHGLH8QWHUWHLOXQJGHV5HIOHNWRUVLQ)DFHWWHQYDULLHUWXQGGLHHQGOL
FKH 5HIOHNWLYLWlW GHU YHUZHQGHWHQ 6SLHJHO HLQEH]RJHQ 'LH RSWLPLHUWHQ 5HIOHNWRUHQ
ZHLVHQ ]XP 7HLO HUKHEOLFK EHVVHUH 7UDQVPLVVLRQZHUWH DXI DOV QLFKW RSWLPLHUWH )RU
PHQ GLH GHQ &3&5HIOHNWRU DSSUR[LPLHUHQ 'LH )RUP GHU RSWLPLHUWHQ 5HIOHNWRUHQ
ZHLFKWGHXWOLFKYRQGHU&3&)RUPDE'LHJHZlKOWHQ5DKPHQEHGLQJXQJHQZLH8Q
WHUWHLOXQJ GHV 5HIOHNWRUV LQ )DFHWWHQ XQG 5HIOHNWLYLWlW GHU 6SLHJHO EHHLQIOXVVHQ GLH
)RUPGHVRSWLPLHUWHQ5HIOHNWRUVHQWVFKHLGHQG'LHVXQWHUVWUHLFKWGLH%HGHXWXQJYRQ
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

2SWLPLHUXQJVUHFKQXQJHQ EHL GHU (QWZLFNOXQJ YRQ 5HIOHNWRUHQ ]XU .RQ]HQWUDWLRQ
YRQ6WUDKOXQJ
,PIROJHQGHQ$EVFKQLWWZHUGHQ5HIOHNWRUHQ]XU.RQ]HQWUDWLRQYRQ6WUDKOXQJLP
=HQWUXP GHU )RNDOHEHQH HLQHV +HOLRVWDWHQIHOGHV YRUJHVWHOOW 'LH KLHU YHUZHQGHWH
6WUDKOXQJZHLVWDXVJHKHQGYRP+HOLRVWDWHQIHOGDP:,6HLQHHOOLSWLVFKH9HUWHLOXQJ
LP5LFKWXQJVUDXPDXI(VZHUGHQ5HIOHNWRUHQPLWJODWWHU2EHUIOlFKHXQGHOOLSWLVFKHQ
$SHUWXUHQXQGVROFKHDXVHEHQHQRGHUHLQGLPHQVLRQDOJHNUPPWHQ)DFHWWHQXQGPLW
VHFKVHFNLJHQRGHUYLHUHFNLJHQ$SHUWXUHQYRUJHVWHOOW,QDOOHQ)lOOHQHUUHLFKHQDV\P
PHWULVFKH5HIOHNWRUHQPLWXQUHJHOPlLJHQ$SHUWXUHQGHXWOLFKEHVVHUH(UJHEQLVVHDOV
V\PPHWULVFKH 5HIOHNWRUHQ PLW UHJHOPlLJHQ $SHUWXUHQ 'LH EHVWHQ:HUWH HUUHLFKHQ
5HIOHNWRUHQ PLW UHFKWHFNLJHQ $SHUWXUHQ GLH DXV YLHU HLQGLPHQVLRQDO JHNUPPWHQ
%OlWWHUQ]XVDPPHQJHVHW]W VLQG0LW LKQHQNDQQEHL7UDQVPLVVLRQGLH.RQ]HQ
WUDWLRQGHU6WUDKOXQJLP9HUJOHLFK]XV\PPHWULVFKHQ5HIOHNWRUHQPHKUDOVYHUGRSSHOW
ZHUGHQ
'LHVHKHUYRUUDJHQGH$QSDVVXQJDQGLHLP5LFKWXQJVUDXPHOOLSWLVFKYHUWHLOWH(LQ
VWUDKOXQJZXUGHDXFKIUDQGHUH)lOOHXQWHUVXFKW)U6WUDKOXQJPLWXQWHUVFKLHGOL
FKHU $XVGHKQXQJ XQG ([]HQWUL]LWlW LP 5LFKWXQJVUDXP ZXUGHQ 5HIOHNWRUHQ PLW
UHFKWHFNLJHQ $SHUWXUHQ RSWLPLHUW 'LH .HQQOLQLHQ IU JOHLFKHQ PLWWOHUHQ gIIQXQJV
ZLQNHOGHU(LQVWUDKOXQJVLQGQXULQVHKUJHULQJHP0DHYRQGHU5LFKWXQJVH[]HQWUL
]LWlW DEKlQJLJ XQG ]HLJHQ GDPLW GLH VHKU JXWH $QSDVVXQJ GHU RSWLPLHUWHQ
5HIOHNWRUHQDQGLHJHJHEHQH(LQVWUDKOXQJ
3.1 Maßschneidern nach Randstrahlen in zwei Dimensionen 
im Phasenraum 
0LWGHP0DVFKQHLGHUQQDFK5DQGVWUDKOHQNDQQPDQLQ]ZHL'LPHQVLRQHQ
HLQHQ5HIOHNWRUHQWZHUIHQGHUHLQHJHJHEHQH4XHOOVWUDKOXQJYROOVWlQGLJDXIHLQ
=LHOEHUWUlJW V$EVFKQLWW'LH LQHLQHP]ZHLGLPHQVLRQDOHQ4XHUVFKQLWW
GXUFK GDV +HOLRVWDWHQIHOG JHIXQGHQHQ 5HIOHNWRUIRUPHQ ZXUGHQ DOV $XVJDQJV
SXQNWIUGLHRSWLPLHUWHQGUHLGLPHQVLRQDOHQ6HNXQGlUUHIOHNWRUHQJHZlKOW
'HU ]ZHLGLPHQVLRQDOH 4XHUVFKQLWW LQ GHP GDV 0DVFKQHLGHUQ DQJHZDQGW
ZXUGHLVWLQ$EELOGXQJJH]HLJW'HU1RUG6G6FKQLWWZXUGHJHZlKOWZHLOLQ
GLHVHP6FKQLWWGLH$V\PPHWULHGHV1RUG)HOGHV]XPWUDJHQNRPPW,Q2VW:HVW
5LFKWXQJLVWGDV+HOLRVWDWHQIHOGV\PPHWULVFK
0DVFKQHLGHUQQDFK5DQGVWUDKOHQLQ]ZHL'LPHQVLRQHQLP3KDVHQUDXP


$EELOGXQJ'DV0DVFKQHLGHUQQDFK5DQGVWUDKOHQZLUGLQHLQHP]ZHLGLPHQVLRQDOHQ4XHU
VFKQLWWDQJHZDQGWGHUGLH6HQNUHFKWHXQGGLH1RUG6G$FKVHEHLQKDOWHW'DV+HOLRVWDWHQIHOG
LVWGXUFKGLHGXQNHOJUDXH(OOLSVHJHNHQQ]HLFKQHW
'LH6WUDKOXQJVYHUKlOWQLVVHLQGLHVHP4XHUVFKQLWWVLQGLQ$EELOGXQJGDU
JHVWHOOW'LH+HOLRVWDWHQZHUIHQ6WUDKOXQJLQQHUKDOEHLQHV.HJHOVLQ5LFKWXQJGHV
$EVRUEHUV 'HU .HJHO MHGHV +HOLRVWDWHQ KDW HLQHQ OLQNHQ XQWHUHQ XQG HLQHQ
UHFKWHQ REHUHQ5DQGVWUDKO'DV+HOLRVWDWHQIHOGEHJLQQWDQGHU3RVLWLRQAGL
UHNWXQWHUKDOEGHV$EVRUEHUVXQGHQGHWDQGHU3RVLWLRQB]ZHL7XUPOlQJHQYRQ
A HQWIHUQW'LH5DQGVWUDKOHQGHV+HOLRVWDWHQDQ3RVLWLRQC VWUHLIHQGHQ$EVRU
EHU DQ GHVVHQ 5lQGHUQ $OOH +HOLRVWDWHQ ]ZLVFKHQ 3RVLWLRQC XQG 3RVLWLRQA
VLQG VR DXVJHULFKWHW GD LKUH UHFKWHQ5DQGVWUDKOHQ GHQ REHUHQ UHFKWHQ5DQG
GHV$EVRUEHUVVWUHLIHQ,KUHOLQNHQ5DQGVWUDKOHQJHKHQXQWHUKDOEGHV$EVRUEHUV
YRUEHL)UGLHVH5DQGVWUDKOHQDQJHIDQJHQEHLP5DQGVWUDKOGHV+HOLRVWDWHQDQ
3RVLWLRQC, ZLUG HLQ $VW GHV 5HIOHNWRUV XQWHUKDOE GHV $EVRUEHUVPDJHVFKQHL
GHUW(EHQVRJHKHQDOOHUHFKWHQ5DQGVWUDKOHQGHU+HOLRVWDWHQ]ZLVFKHQ3RVLWLRQ
CXQG3RVLWLRQBREHUKDOEGHVUHFKWHQREHUHQ5DQGHVGHV$EVRUEHUVYRUEHL)U
VLHZLUGGHUREHUH$VWGHV5HIOHNWRUV VRPDJHVFKQHLGHUWGDHUGLH MHZHLOLJHQ
5DQGVWUDKOHQ GHU +HOLRVWDWHQ DXI 5DQGVWUDKOHQ GHV $EVRUEHUV UHIOHNWLHUW 'LH
EHVFKULHEHQH$XVULFKWXQJGHU+HOLRVWDWHQDXIGHQXQWHUHQRGHUREHUHQ5DQGGHV
$EVRUEHUVZLUG DOV HGJHUD\DLPLQJEH]HLFKQHW *RUGRQ $XIGLHVHP:HJ
ZLUGJHZlKUOHLVWHWGDDQMHGHP2UWGHV5HIOHNWRUVQXUHLQ5DQGVWUDKOYRQGHU
4XHOOH GHP+HOLRVWDWHQIHOG YRUOLHJWGHUGDQQDXI HLQHQ5DQGVWUDKOGHV=LHOV
GHP$EVRUEHUUHIOHNWLHUWZHUGHQNDQQ%HLGHUVRQVWEOLFKHQ$XVULFKWXQJDOOHU
+HOLRVWDWHQDXIHLQHQJHPHLQVDPHQ=LHOSXQNWGHQGLH]HQWUDOHQ6WUDKOHQDOOHU
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

+HOLRVWDWHQ WUHIIHQ N|QQHQ 5DQGVWUDKOHQ YRQ ]ZHL YHUVFKLHGHQHQ +HOLRVWDWHQ
GHQVHOEHQ 3XQNW GHV 5HIOHNWRUV WUHIIHQ 'RUW NDQQ GDQQ NHLQH HLQGHXWLJH 1HL
JXQJGHV5HIOHNWRUVPHKUVRIHVWJHOHJWZHUGHQGDGDV5DQGVWUDKOHQSULQ]LSEH
IROJWZLUGXQGGDV0DVFKQHLGHUQVFKHLWHUWV$EVFKQLWW
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
$EELOGXQJ'LH6WUDKOHQGHV+HOLRVWDWHQIHOGHVLP1RUG6G6FKQLWW'LH6WUDKOXQJVNHJHOGHU
+HOLRVWDWHQVLQG]XU9HUEHVVHUXQJGHU$QVFKDXXQJGHXWOLFKYHUJU|HUW
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Süd <-> Nord 
$EELOGXQJ0DJHVFKQHLGHUWHU6HNXQGlUUHIOHNWRU JUDXH/LQLHQXQG5DQGVWUDKOHQYRQGHQ
+HOLRVWDWHQDQGHQ3RVLWLRQHQ$%XQG&HQWVSUHFKHQG$EELOGXQJ'HUREHUH$VWGHV5HIOHN
WRUV UHIOHNWLHUW GLH UHFKWHQ5DQGVWUDKOHQ GHU+HOLRVWDWHQ JHVWULFKHOW DXI GHQ OLQNHQ5DQG GHV
$EVRUEHUV 'HU XQWHUH $VW GHV 5HIOHNWRUV UHIOHNWLHUW GLH OLQNHQ 5DQGVWUDKOHQ GHU +HOLRVWDWHQ
GXUFKJH]RJHQ DXI GHQ UHFKWHQ 5DQG GHV $EVRUEHUV 'LH0DHLQKHLWHQ VLQG GLHVHOEHQ ZLH LQ
$EELOGXQJ  'LH $XVGHKQXQJ GHU (LQWULWWVDSHUWXU GHV 5HIOHNWRUV EHWUlJW DOVR XQWHU  GHU
$XVGHKQXQJGHV+HOLRVWDWHQIHOGHVLQ1RUG6G5LFKWXQJ
0DVFKQHLGHUQQDFK5DQGVWUDKOHQLQ]ZHL'LPHQVLRQHQLP3KDVHQUDXP

(LQ PDJHVFKQHLGHUWHU 6HNXQGlUUHIOHNWRU LVW LQ $EELOGXQJ  JH]HLJW 'HU
$EVRUEHU LVW LPJH]HLJWHQ)DOO HWZDJU|HUDOVGLH0LQLPDOIOlFKHDXIGLH
GLH 6WUDKOXQJ YRP +HOLRVWDWHQIHOG NRQ]HQWULHUW ZHUGHQ N|QQWH V $EVFKQLWW
 -H NOHLQHU GHU $EVRUEHU JHZlKOW ZLUG GHVWR JU|HU ZLUG GHU 5HIOHNWRU
:lKOWPDQDOV$XVGHKQXQJGHV$EVRUEHUVJHUDGHGLH0LQLPDOIOlFKHGHKQWVLFK
GHU5HIOHNWRU YRP$EVRUEHU ELV ]XP)HOGKLQ DXV'LHV LVWXQSUDNWLNDEHOZHLO
GDQQGHU5HIOHNWRUGDVJHVDPWH+HOLRVWDWHQIHOGYHUVFKDWWHQZUGH
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Süd <-> Nord

$EELOGXQJ 0DJHVFKQHLGHUWHU 6HNXQGlUUHIOHNWRU ZLH LQ $EELOGXQJ  QXUPLW NOHLQHUHP
$EVRUEHU =XVlW]OLFK ]XPPDJHVFKQHLGHUWHQ5HIOHNWRU LVWKLHU HLQZHLWHUHU&3&5HIOHNWRUQRW
ZHQGLJJHSXQNWHW)UGLHJU|HUH.RQ]HQWUDWLRQLVWHLQHGHXWOLFKJU|HUH5HIOHNWRUIOlFKHQRW
ZHQGLJ
$EELOGXQJ]HLJWHLQHQZHLWHUHQPDJHVFKQHLGHUWHQ5HIOHNWRUIUGLHVHOEH
6WUDKOXQJ+LHUZXUGHGHU$EVRUEHUMHGRFKQXUJU|HUDOVGLH0LQLPDOIOl
FKHJHZlKOW(ULVWGHVZHJHQ]XNOHLQXPYRQGHQ5DQGVWUDKOHQHLQHV+HOLRVWD
WHQ DQ EHLGHQ 5lQGHUQ JHVWUHLIW ]X ZHUGHQ ZLH HV IU GDV 0DVFKQHLGHUQ
JHIRUGHUWZLUG$XVGLHVHP*UXQGZLUGHLQZHLWHUHU5HIOHNWRUHLQJHIKUWGHVVHQ
(LQWULWWVDSHUWXU GLH JHIRUGHUWH%HGLQJXQJ HUIOOW'LH6WUDKOXQJDXIGLHVHU(LQ
WULWWVDSHUWXUGLH]XP$EVRUEHULQGHU$XVWULWWVDSHUWXUEHUWUDJHQZLUGGLHQWDOV
=LHOVWUDKOXQJEHLP0DVFKQHLGHUQ'HUKLHUHLQJHVHW]WH5HIOHNWRU LVWYRP&3&
7\S 'HU PDJHVFKQHLGHUWH 5HIOHNWRU LVW DOVR VR DXVJHOHJW GD HU GLH
5DQGVWUDKOHQGHV+HOLRVWDWHQIHOGHVDXIGLH5DQGVWUDKOHQGHUYRP&3&5HIOHNWRU
DN]HSWLHUWHQ6WUDKOHQEHUWUlJW
%HLEHLGHQDEJHELOGHWHQPDJHVFKQHLGHUWHQ5HIOHNWRUHQ IlOOWGLHQDKH]XJH
UDGH)RUPLQV$XJH%HVRQGHUVEHLPNOHLQHUHQ5HIOHNWRULQ$EELOGXQJLVWGLH
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

.UPPXQJ GHV 5HIOHNWRUV NDXP VLFKWEDU 'LH (UJHEQLVVH GHV0DVFKQHLGHUQV
QDFK5DQGVWUDKOHQ LP]ZHLGLPHQVLRQDOHQ4XHUVFKQLWW VROOHQDOV*UXQGODJH IU
GUHLGLPHQVLRQDOH (QWZUIH IU GLH RSWLPLHUWH 6WUDKOYHUIROJXQJ GLHQHQ ZLH LQ
$EVFKQLWW  GDUJHOHJW ZXUGH 'LH QDKH]X JHUDGH )RUP GHU KLHU YRUJHVWHOOWHQ
5HIOHNWRUHQ LP 1RUG6G 6FKQLWW GLHQW DOV $XVJDQJVSXQNW IU GLH RSWLPLHUWHQ
GUHLGLPHQVLRQDOHQ 5HIOHNWRUHQ LQ )RUP HLQHV DV\PPHWULVFKHQ .RQXV GHU LP
QlFKVWHQ$EVFKQLWWYRUJHVWHOOWZLUG
3.2 Konische Sekundärreflektoren 
'LH(UNHQQWQLVVHDXVGHQ(UJHEQLVVHQGHV0DVFKQHLGHUQVYRQ6HNXQGlUUH
IOHNWRUHQLP1RUG6G4XHUVFKQLWWGXUFKHLQ+HOLRVWDWHQIHOGDXVGHPYRUKHULJHQ
.DSLWHO ZHUGHQ KLHU LQ GUHLGLPHQVLRQDOH )RUPHQ XPJHVHW]W 0LW GHP 0D
VFKQHLGHUQQDFK5DQGVWUDKOHQHQWZRUIHQH5HIOHNWRUHQEHUWUDJHQDOOH6WUDKOXQJ
YRQ GHU 4XHOOH LQV =LHO 'HPHQWVSUHFKHQG VLQG GLH LQ GLHVHP$EVFKQLWW YRUJH
VWHOOWHQ )RUPHQ GD]X JHGDFKW GLH JHVDPWH 6WUDKOXQJ YRP +HOLRVWDWHQIHOG DXI
HLQHQ$EVRUEHU]XNRQ]HQWULHUHQ6LHVLQGDOVRIUGLHWKHUPLVFKHLQVWXILJH8P
VHW]XQJ GHU 6WUDKOXQJ YRUJHVHKHQ XQG QLFKW IU GLH WHFKQLVFK DXIZHQGLJHUHQ
WKHUPLVFKPHKUVWXILJHQ/|VXQJHQJHGDFKWZLHVLHLQ$EVFKQLWWEHVFKULHEHQ
ZXUGHQ
3.2.1 Das Heliostatenfeld 
-HGHV RSWLVFKH 6\VWHP ]XU .RQ]HQWUDWLRQ YRQ 6WUDKOXQJ PX IU HLQH EH
VWLPPWH 4XHOOVWUDKOXQJ HQWZRUIHQ XQG RSWLPLHUW ZHUGHQ 6REDOG PDQ GLHVH
4XHOOVWUDKOXQJ YHUlQGHUW YHUlQGHUW VLFK GLH(LJQXQJ GHV 6\VWHPV ]XU.RQ]HQ
WUDWLRQGHU6WUDKOXQJ$QGHUVIRUPXOLHUWNDQQPDQVDJHQGDHLQRSWLPDOHV6\
VWHP IU YHUVFKLHGHQH 6WUDKOXQJ YHUVFKLHGHQH )RUPHQ DQQHKPHQ ZLUG 'LH
&KDUDNWHULVLHUXQJ GHU 4XHOOVWUDKOXQJ LVW GHVZHJHQ HLQZHVHQWOLFKHU %HVWDQGWHLO
GHU%HVFKUHLEXQJRSWLPLHUWHU5HIOHNWRUHQ
'DV+HOLRVWDWHQIHOG LVW LQ GLHVHP)DOO NUHLVUXQG'HU5DGLXV HQWVSULFKW GHU
+|KH GHV 7XUPHV GHU DP 6GUDQG GHV )HOGHV VWHKW ,P1RUG6G4XHUVFKQLWW
VWHOOWVLFKGDV)HOGDOVRJHQDXVRGDUZLHGDVLPYRUKHULJHQ$EVFKQLWWYHUZHQGHWH
'LH6RQQHVWHKWLP6GHQPLWHLQHP=HQLWZLQNHOYRQ
'LHNUHLVUXQGH)RUPGHV)HOGHVZXUGHZLOONUOLFKJHZlKOWXP]X]HLJHQZLH
VLFKGLHRSWLPLHUWHDV\PPHWULVFKH5HIOHNWRUIRUPDQGLH)RUPGHV)HOGHVDQSDV
VHQOlW%LVKHUYRUJHVFKODJHQHRGHUYHUZHQGHWH6HNXQGlUUHIOHNWRUHQVLQGLPPHU
URWDWLRQVV\PPHWULVFK 6LH VLQG IU 6WUDKOXQJ HQWZRUIHQ GLH LP5LFKWXQJVUDXP
.RQLVFKH6HNXQGlUUHIOHNWRUHQ

URWDWLRQVV\PPHWULVFK YHUWHLOW LVW'LHVH 6WUDKOXQJ IlOOW DXV HLQHP UHJHOPlLJHQ
.HJHODXIGLH(LQWULWWVDSHUWXUGHV6HNXQGlUUHIOHNWRUVHLQ'LH6WUDKOXQJVTXHOOH
KLHUDOVRGDV+HOLRVWDWHQIHOGVROOWHLQQHUKDOEGLHVHV.HJHOVOLHJHQ,P)DOOHHLQHV
1RUG)HOGHVLVWGLH$FKVHGLHVHV.HJHOVQDFK1RUGHQJHQHLJW'HU6FKQLWWGHV.H
JHOVPLWGHU%RGHQIOlFKHEHVWLPPWGDV+HOLRVWDWHQIHOG'LH)RUPGHV+HOLRVWD
WHQIHOGHV ZLUG GDPLW DXI HLQH (OOLSVH EHVFKUlQNW GHUHQ JURH +DOEDFKVH LQ
1RUG6G5LFKWXQJ OLHJW +HOLRVWDWHQIHOGHU GLH QLFKW H[SOL]LW IU GHQ (LQVDW]
HLQHV6HNXQGlUUHIOHNWRUVDXVJHOHJW VLQGKDEHQQLFKWGLHVH)RUP :LQWHU
:LHGDV LQ$EVFKQLWWEHVFKULHEHQH)HOGDP:,6VLQGVLHEOLFKHUZHLVHLQ
2VW:HVW5LFKWXQJZHVHQWOLFKZHLWHU DXVJHGHKQW DOV LQ 1RUG6G5LFKWXQJ0LW
GLHVHU)HOGIRUPVROOGLH(IIL]LHQ]GHV)HOGHVPD[LPLHUWZHUGHQV$EVFKQLWW
3.2.2 Die Form der konischen Sekundärreflektoren 
.RQLVFKH5HIOHNWRUHQZXUGHQ EHUHLWV IUKHU DOV 6HNXQGlUUHIOHNWRUHQ IU 6R
ODUWXUPNUDIWZHUNH YRUJHVFKODJHQ $WKDYDOH\ *DODO )ULHGPDQ
6FK|IIHO  %HKDQGHOW ZXUGHQ MHZHLOV URWDWLRQVV\PPHWULVFKH .HJHOVWPSIH
GLHHQWZHGHUPLWLKUHU$FKVHVHQNUHFKWQDFKXQWHQDXVJHULFKWHWZDUHQZHVKDOE
GDV+HOLRVWDWHQIHOGURWDWLRQVV\PPHWULVFKXPGHQ7XUPYHUWHLOWVHLQPXWHRGHU
GHU.RQXVQDFKVFKUlJXQWHQLQ5LFKWXQJHLQHV1RUG)HOGVDXVJHULFKWHWZDU
'LHLPYRUKHULJHQ$EVFKQLWWJHIXQGHQHQ)RUPHQLP1RUG6G6FKQLWW]HLJHQ
]ZDUQDKH]XIODFKH3URILOHDEHUNHLQH$FKVHQV\PPHWULH'HVKDOEVLQGGLHKLHU
YRUJHVWHOOWHQNRQLVFKHQ5HIOHNWRUHQQLFKWURWDWLRQVV\PPHWULVFK
'LH 5HIOHNWRUHQ YHUELQGHQ HLQH HOOLSWLVFKH (LQWULWWVDSHUWXU PLW HLQHU NUHLV
UXQGHQ $XVWULWWVDSHUWXU 'LH NUHLVUXQGH $XVWULWWVDSHUWXU VFKOLHW JXW DQ GLH
NUHLVI|UPLJHQ (LQWULWWVIHQVWHU EHVWHKHQGHU +RFKWHPSHUDWXUDEVRUEHU DQ V D
$EVFKQLWW%HLGH$SHUWXUHQVWHKHQQLFKWQRWZHQGLJHUZHLVHVHQNUHFKWDXIGHU
$FKVHGHV5HIOHNWRUVGHU9HUELQGXQJVOLQLHGHU0LWWHOSXQNWHGHU$SHUWXUHQ'LH
5HIOHNWRUIOlFKH ZHLVW QXU HLQGLPHQVLRQDOH .UPPXQJ DXI NDQQ DOVR DXI HLQH
HEHQH)OlFKHDEJHUROOWZHUGHQ'LH/DJHXQG)RUPGHU(LQWULWWVDSHUWXUXQGGLH
1HLJXQJHQGHU(LQXQG$XVWULWWVDSHUWXUVLQGQLFKW IHVWYRUJHJHEHQ6LHZHUGHQ
GXUFK GLH2SWLPLHUXQJEHVWLPPW'LH UHVXOWLHUHQGH)RUPZLUG LPZHLWHUHQ DOV
DV\PPHWULVFKHU.RQXVEH]HLFKQHW'LHVHUVFKLHIH.RQXVLVWLPDOOJHPHLQHQNHLQ
VFKLHIDEJHVFKQLWWHQHUURWDWLRQVV\PPHWULVFKHU.RQXV$EELOGXQJ]HLJWHLQHQ
VROFKHQ5HIOHNWRU'LHDQJHJHEHQHQ'LPHQVLRQHQVWLPPHQPLWGHQ$QJDEHQLQ
GHQ$EELOGXQJHQGHVYRUKHULJHQ$EVFKQLWWHEHUHLQGHU7XUPLVW(LQKHLWHQ
KRFK
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

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
$EELOGXQJ  $V\PPHWULVFKHU .RQXV5HIOHNWRU 'LH QDFK UHFKWV JHULFKWHWH $FKVH ]HLJW QDFK
1RUGHQ0DQHUNHQQWGLHJURHHOOLSWLVFKH(LQWULWWVDSHUWXUXQGGHQ5DQGGHUNOHLQHUHQUXQGHQ
$XVWULWWVDSHUWXU 'LH )DFHWWHQ GLHQHQ KLHU QXU GHU 'DUVWHOOXQJ 'HU VFKLHIH .RQXV KDW LQ GHU
6WUDKOYHUIROJXQJVUHFKQXQJHLQHJODWWHHLQGLPHQVLRQDOJHNUPPWH2EHUIOlFKH
,P OHW]WHQ $EVFKQLWW ZXUGHQ PDJHVFKQHLGHUWH 5HIOHNWRUHQ JH]HLJW GLH EHL
NOHLQHUHQ $XVWULWWVDSHUWXUHQ HLQHQ ZHLWHUHQ &3&5HIOHNWRU ]ZLVFKHQ LKUHU $XV
WULWWVDSHUWXUXQGGHP$EVRUEHUKDEHQ8PGLHVDXFKEHLGHQRSWLPLHUWHQGUHL
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
$EELOGXQJ$V\PPHWULVFKHU.RQXV5HIOHNWRUPLWQDFKJHVFKDOWHP&3&5HIOHNWRU'LH)DFHWWHQ
GLHQHQ KLHU QXU GHU 'DUVWHOOXQJ 'HU VFKLHIH .RQXV KDW LQ GHU 6WUDKOYHUIROJXQJVUHFKQXQJ HLQH
JODWWH HLQGLPHQVLRQDO JHNUPPWH 2EHUIOlFKH GHU &3&5HIOHNWRU KDW HLQH ]ZHLGLPHQVLRQDO JH
NUPPWH2EHUIOlFKH
.RQLVFKH6HNXQGlUUHIOHNWRUHQ

GLPHQVLRQDOHQ5HIOHNWRUHQ]XHUP|JOLFKHQZXUGHQDXFKDV\PPHWULVFKH.RQXV
5HIOHNWRUHQ XQWHUVXFKW GLH LKUHUVHLWV KLQWHU GHU $XVWULWWVDSHUWXU HLQHQ
GUHLGLPHQVLRQDOHQ &3&5HIOHNWRU KDEHQ DQ GHVVHQ $XVWULWWVDSHUWXU GHU $EVRU
EHUDQVHW]W
3.2.3 Die Optimierung 
,P2SWLPLHUXQJVSUR]HZLUGGLH)RUPGHV6HNXQGlUUHIOHNWRUVVRRIWYDULLHUW
ELVHLQHGDYRQDEKlQJLJH=LHOJU|HHLQHQRSWLPDOHQ:HUWDQJHQRPPHQKDWXQG
VLFKQLFKWPHKUVLJQLILNDQWYHUlQGHUW'LH=LHOJU|HLVWEHLDOOHQKLHUYRUJHVWHOO
WHQ 2SWLPLHUXQJVUHFKQXQJHQ GLH 7UDQVPLVVLRQ τ GHU 6WUDKOXQJ GXUFK GHQ 6H
NXQGlUUHIOHNWRU
,P]HQWUDOHQ5HFKHQVFKULWWZLUGGHU:HJHLQHV(QVHPEOHVYRQ6WUDKOHQGLH
GLH6WUDKOXQJYRP+HOLRVWDWHQIHOGUHSUlVHQWLHUHQGXUFKGHQ6HNXQGlUUHIOHNWRU
EHUHFKQHW%HL MHGHU5HIOH[LRQYHUOLHUW HLQ6WUDKO HQWVSUHFKHQGGHU5HIOHNWLYLWlW
GHV 6HNXQGlUUHIOHNWRUV HLQHQ 7HLO GHU LKP ]XJHRUGQHWHQ /HLVWXQJ %HL GLHVHQ
5HFKQXQJHQZXUGHHLQH5HIOHNWLYLWlWYRQDQJHQRPPHQ$XVGHQ6WDWLVWLNHQ
GHUHLQIDOOHQGHQXQGGHU]XU$XVWULWWVDSHUWXUEHUWUDJHQHQ6WUDKOXQJZLUGGDQQ
GLH 7UDQVPLVVLRQ DOVR GHU $QWHLO GHU EHUWUDJHQHQ 6WUDKOXQJVOHLVWXQJ EHUHFK
QHW'HVZHLWHUHQN|QQHQDXFKQRFKDQGHUH*U|HQZLH]XP%HLVSLHOGLH.RQ
]HQWUDWLRQ GHU 6WUDKOXQJ DXI GHU $XVWULWWVDSHUWXU RGHU GLHPLWWOHUH $Q]DKO GHU
5HIOH[LRQHQGHQHQHLQ6WUDKOXQWHUOLHJWEHUHFKQHWZHUGHQ
'LH)RUPSDUDPHWHUGLH]XU2SWLPLHUXQJYDULLHUWZHUGHQ VLQGEHLP.RQXV
5HIOHNWRU GLH 1HLJXQJHQ GHU (LQ XQG $XVWULWWVDSHUWXUHQ GLH /DJH GHU (LQ
WULWWVDSHUWXU XQG GLH /lQJHQ GHU +DOEDFKVHQ GHU HOOLSWLVFKHQ (LQWULWWVDSHUWXU
:LUGGHU.RQXV5HIOHNWRUQRFKPLWHLQHP&3&5HIOHNWRUNRPELQLHUWNRPPHQ]X
GLHVHQVHFKV)RUPSDUDPHWHUQGUHLZHLWHUHKLQ]X'HU'XUFKPHVVHUGHUNUHLVI|U
PLJHQ $XVWULWWVDSHUWXU LVW HLQ 3DUDPHWHU GHUZlKUHQG GHU2SWLPLHUXQJ IHVWJH
KDOWHQ ZLUG 8P GLH .HQQOLQLH ]X HUKDOWHQ ZLUG DEHU HLQH JDQ]H 5HLKH YRQ
6HNXQGlUUHIOHNWRUHQPLW XQWHUVFKLHGOLFK JURHQ$XVWULWWVDSHUWXUHQ XQDEKlQJLJ
YRQHLQDQGHURSWLPLHUW
'LH3DUDPHWHU N|QQHQ LP2SWLPLHUXQJVSUR]HQLFKW Y|OOLJ IUHL YDULLHUWZHU
GHQ=XPHLQHQEHVFKUlQNWVLFKGHU:HUWHEHUHLFKEHLVSLHOVZHLVHEHLGHQ/lQJHQ
GHU +DOEDFKVHQ GHU (LQWULWWVDSHUWXU DXI SRVLWLYH :HUWH $QGHUHUVHLWV N|QQHQ
DEHU DXFK WHFKQLVFK EHGLQJWH 5DKPHQEHGLQJXQJHQ HLQEH]RJHQ ZHUGHQ 6R
ZXUGH KLHU GLH *HVDPWJU|H GHU .RQXV5HIOHNWRUHQ EHVFKUlQNW XP WHFKQLVFK
UHDOLVLHUEDUH)RUPHQ]XJHZlKUOHLVWHQXQGGLH9HUVFKDWWXQJGHV+HOLRVWDWHQIHO
GHVGXUFKGHQ6HNXQGlUUHIOHNWRU]XEHJUHQ]HQ
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

3.2.4 Die Ergebnisse 
)UGLH6LWXDWLRQGHVNUHLVUXQGHQ1RUGIHOGHVPLWHLQHPHLQ]LJHQ6HNXQGlUUH
IOHNWRUZXUGHQIROJHQGH.RQ]HSWHXQWHUVXFKW
• NHLQ6HNXQGlUUHIOHNWRU
• HLQ&3&5HIOHNWRUDOV6HNXQGlUUHIOHNWRU
• HLQ.RQXV5HIOHNWRU
• HLQH.RPELQDWLRQDXV.RQXVXQG&3&5HIOHNWRU
)UMHGHVHLQ]HOQHGLHVHU.RQ]HSWHZXUGHQ5HIOHNWRUHQRSWLPLHUWGLHVLFK
LQGHU*U|HLKUHU$XVWULWWVDSHUWXUHQXQWHUVFKHLGHQ)UGHQ)DOOGDNHLQ6H
NXQGlUUHIOHNWRUHLQJHVHW]WZLUGHQWVSULFKWGLH$XVWULWWVDSHUWXUQDWUOLFKGHU(LQ
WULWWVDSHUWXU GHUHQ *U|H ]XU %HUHFKQXQJ GHU JDQ]HQ .HQQOLQLH YDULLHUW XQG
GHUHQ/DJHXQG1HLJXQJRSWLPLHUWZXUGH
$EELOGXQJ  ]HLJW GLH .HQQOLQLHQ IU GLH XQWHUVXFKWHQ .RQ]HSWH 'LH
¶5DQJIROJH©GHU.RQ]HSWHLVWNODU]XVHKHQ/LHJWHLQH.HQQOLQLHREHUKDOEHLQHU
DQGHUHQZHUGHQEHLJOHLFKHU.RQ]HQWUDWLRQK|KHUH7UDQVPLVVLRQVZHUWHHUUHLFKW
EH]LHKXQJVZHLVH EHL JOHLFKHU7UDQVPLVVLRQK|KHUH.RQ]HQWUDWLRQ)ROJHQGH(U
NHQQWQLVVHODVVHQVLFKDXVGHQ.HQQOLQLHQLQ$EELOGXQJJHZLQQHQ
• $E HLQHU UHODWLYHQ.RQ]HQWUDWLRQ YRQ  HUP|JOLFKW GHU(LQVDW] HLQHV 6H
NXQGlUUHIOHNWRUV GHXWOLFK K|KHUH 7UDQVPLVVLRQVZHUWH (LQH UHODWLYH.RQ]HQ
WUDWLRQYRQPHKUDOVHUIRUGHUWHLQHQ6HNXQGlUUHIOHNWRUVLHLVWRKQHLKQ
QLFKW]XHUUHLFKHQ
• 'LH.RQXV5HIOHNWRUHQHUUHLFKHQEHUHLQHQZHLWHQ%HUHLFKGHU.HQQOLQLHEHL
JOHLFKHU 7UDQVPLVVLRQ GHXWOLFK K|KHUH .RQ]HQWUDWLRQVZHUWH DOV GLH &3&5H
IOHNWRUHQ
• 'LH.RPELQDWLRQYRQ.RQXVXQG&3&5HIOHNWRUHUUHLFKWQRFKHLQHJHULQJI
JLJH9HUEHVVHUXQJJHJHQEHUGHP.RQXV5HIOHNWRU
• 'HU%HUHLFK YRQ7UDQVPLVVLRQ LVW LQWHUHVVDQW IUSUDNWLVFKH$Q
ZHQGXQJHQ%HL7UDQVPLVVLRQHUUHLFKWPDQJHJHQEHUGHP&3&5HIOHN
WRU PLW GHP .RQXV5HIOHNWRU HLQH XP  K|KHUH .RQ]HQWUDWLRQ EHLP
NRPELQLHUWHQ5HIOHNWRUEHWUlJWGLH9HUEHVVHUXQJ
5HIOHNWRUHQIUKRPRJHQHURWDWLRQVV\PPHWULVFKH6WUDKOXQJ

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$EELOGXQJ.HQQOLQLHQIUGLHYLHUXQWHUVXFKWHQ.RQ]HSWH$EHLQHUUHODWLYHQ.RQ]HQWUDWLRQ
YRQHWZD LVWGHU(LQVDW]HLQHV6HNXQGlUUHIOHNWRUV VLQQYROO'LH.RQXV5HIOHNWRUHQHUUHLFKHQ
EHLJOHLFKHU7UDQVPLVVLRQGHXWOLFKK|KHUH:HUWHLQGHU.RQ]HQWUDWLRQDOVGLH&3&5HIOHNWRUHQ
(VNRQQWHDOVRJH]HLJWZHUGHQGDGHU.RQXV5HIOHNWRUDOV6HNXQGlUUHIOHNWRU
LP)DOOHHLQHUWKHUPLVFKHLQVWXILJHQ8PVHW]XQJGHU6WUDKOXQJGHXWOLFKEHVVHUDQ
GLH 6WUDKOXQJ HLQHV YRUJHJHEHQHQ+HOLRVWDWHQIHOGHV DQJHSDW ZHUGHQ NDQQ DOV
GHU&3&5HIOHNWRU
3.3 Reflektoren für homogene, rotationssymmetrische Strah-
lung 
&3&5HIOHNWRUHQVLQGDOV.RQ]HQWUDWRUHQIU6WUDKOXQJNRQ]LSLHUWGLHKRPR
JHQ YHUWHLOW DXV HLQHP 5LFKWXQJVNHJHO DXI GLH (LQWULWWVDSHUWXU HLQIlOOW V $E
VFKQLWW  6LH ZHUGHQ DXFK DOV 6HNXQGlUUHIOHNWRUHQ IU GLH 6WUDKOXQJ YRQ
HLQHP+HOLRVWDWHQIHOG YRUJHVFKODJHQ XQG YHUZHQGHW 5DEO  6XUHVK 
:LQWHU  6FK|IIHO $EHOH  6HJDO 0LURQ 'HU GUHLGL
PHQVLRQDOH &3& LVW MHGRFK NHLQ LGHDOHU.RQ]HQWUDWRU$XFKEHL LGHDOHP5HIOH
[LRQVJUDGZLUGHLQ7HLOGHU6WUDKOXQJIUGLHHUHQWZRUIHQZXUGHQLFKWDXIGLH
$XVWULWWVDSHUWXUEHUWUDJHQ'XUFKOHLFKWH9DULDWLRQLQGHU)RUPGHV&3&NDQQ
PDQ VHLQH 7UDQVPLVVLRQ QRFK YHUEHVVHUQ 6KDW]  $QGHUHUVHLWV NDQQ HLQ
XQHQGOLFK ODQJ DXVJHGHKQWHU .RQXVPLW 5HIOHNWLYLWlW HLQH 7UDQVPLVVLRQ
YRQHUUHLFKHQ6FK|IIHO
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

=XP(QWZXUI YRQ WHFKQLVFK UHDOLVLHUWHQ 6HNXQGlUUHIOHNWRUHQZXUGHQ ELVKHU
LQ DOOHU 5HJHO &3&5HIOHNWRUHQ JHPl GHQ WHFKQLVFKHQ 5DQGEHGLQJXQJHQ DS
SUR[LPLHUW XQGGLH HQWVWHKHQGHQ9HUOXVWHGXUFK$EVRUSWLRQXQG6WUDKOXPNHKU
KLQJHQRPPHQ=XU9HUEHVVHUXQJGHU7UDQVPLVVLRQZXUGHOHGLJOLFKGHU5HIOHNWRU
DQ GHU (LQWULWWVDSHUWXU JHNU]W XP GLH PLWWOHUH $Q]DKO GHU 5HIOHNWLRQHQ XQG
GDPLWGLH5HIOH[LRQVYHUOXVWH]XUHGX]LHUHQ5DEO&DUYDOKR:HOIRUG
 ,P IROJHQGHQ ZLUG JH]HLJW GD XQWHU %HUFNVLFKWLJXQJ GHU 5DKPHQEH
GLQJXQJHQRSWLPLHUWH5HIOHNWRUHQ]XP7HLOGHXWOLFKYRQGHU)RUPGHV&3&5H
IOHNWRUVDEZHLFKHQXQGGLH7UDQVPLVVLRQLP9HUJOHLFK]XGHQQLFKWRSWLPLHUWHQ
&3&$SSUR[LPDWLRQHQVLJQLILNDQWHUK|KWZHUGHQNDQQ
3.3.1 Technische Rahmenbedingungen 
(V JLEW&3&5HIOHNWRUHQELV ]X HLQHU*U|H YRQ HWZDFPGLH DXV HLQHP
6WFN JHIHUWLJW VLQG 6ROFKH )RUPHQ N|QQHQ DXV HLQHPPDVVLYHQ 6WFN JHIUlVW
RGHU DXV %OHFK JH]RJHQZHUGHQ 6XUHVK 2
*DOODJKHU 'LH UHIOHNWLH
UHQGH6FKLFKWPXGDQQGXUFK%HVFKLFKWHQPLW0HWDOORGHU'LHOHNWULNDDXIJH
EUDFKWZHUGHQGDPDQGLHJODWWH]ZHLGLPHQVLRQDOJHNUPPWH)OlFKHQLFKWPLW
*ODVVSLHJHOQ EHNOHEHQ NDQQ *U|HUH 5HIOHNWRUHQ ZHUGHQ LQ DOOHU 5HJHO QLFKW
PHKU LQ HLQHP 6WFN JHIHUWLJW VRQGHUQ DXV HEHQHQ RGHU HLQGLPHQVLRQDO JH
NUPPWHQ)DFHWWHQ]XVDPPHQJHVHW]W$EHOH/HY\0LURQ'LH
$XIWHLOXQJLQ)DFHWWHQNDQQPDQGXUFK]ZHL3DUDPHWHUEHVFKUHLEHQ
• 'LH$Q]DKOGHU8QWHUWHLOXQJHQ6HJPHQWHLQD[LDOHU5LFKWXQJ'LH/lQJHGHU
6HJPHQWHPXQLFKWNRQVWDQWVHLQ
• 'LH $Q]DKO GHU 8QWHUWHLOXQJHQ LP 6FKQLWW VHQNUHFKW ]XU RSWLVFKHQ $FKVH
:HJHQ GHU 5RWDWLRQVV\PPHWULH GHU HLQIDOOHQGHQ 6WUDKOXQJ ZHUGHQ GLHVH
4XHUVFKQLWWHEOLFKHUZHLVHHLQUHJHOPlLJHV3RO\JRQGDUVWHOOHQ
,P*UHQ]IDOOXQHQGOLFKYLHOHUD[LDOHU6HJPHQWHZHUGHQGLHHQWVWHKHQGHQHLQ
GLPHQVLRQDOJHNUPPWHQ)DFHWWHQDXFKDOV%OlWWHUEH]HLFKQHW,P*UHQ]IDOOGHU
JODWWHQ8QWHUWHLOXQJLPDFKVHQVHQNUHFKWHQ4XHUVFKQLWWLVWGHU5HIOHNWRUDXV.H
JHOVWPSIHQ]XVDPPHQJHVHW]WV$EELOGXQJ
5HIOHNWRUHQIUKRPRJHQHURWDWLRQVV\PPHWULVFKH6WUDKOXQJ

(a) (b) (c)

$EELOGXQJ9HUVFKLHGHQH6WUDWHJLHQGHU)DFHWWLHUXQJHLQHV5HIOHNWRUV'HU5HIOHNWRULQDLVW
DXV HEHQHQ)DFHWWHQ DXIJHEDXW(UKDW D[LDOH 6HJPHQWHXQG HLQHQ VHFKVHFNLJHQ4XHUVFKQLWW
VHQNUHFKW]XURSWLVFKHQ$FKVH'HU5HIOHNWRULQEKDWHEHQIDOOVGUHLD[LDOH6HJPHQWH'HU4XHU
VFKQLWWVHQNUHFKW]XURSWLVFKHQ$FKVHLVWDOV*UHQ]ZHUWXQHQGOLFKYLHOHU8QWHUWHLOXQJHQNUHLVI|U
PLJ'HU5HIOHNWRU LVW DOVR DXV.HJHOVWPSIHQ ]XVDPPHQJHVHW]W ,Q F KDWGHU5HIOHNWRU HLQHQ
VHFKVHFNLJHQ4XHUVFKQLWWVHQNUHFKW]XURSWLVFKHQ$FKVH'DV3URILOOlQJVGHU$FKVHLVWDOV*UHQ]
IDOO XQHQGOLFK YLHOHU 8QWHUWHLOXQJHQ JODWW 'LH HLQGLPHQVLRQDO JHNUPPWHQ )DFHWWHQ ZHUGHQ
DXFKDOV%OlWWHUEH]HLFKQHW
$XHU IHUWLJXQJVWHFKQLVFKHQ *UQGHQ KDEHQ 5HIOHNWRUHQ PLW SRO\JRQDOHP
4XHUVFKQLWWDXFKGHQ9RUWHLOGDPDQVLHLP)DOOHYRQ'UHL9LHURGHU6HFKV
HFNHQGLFKWDQHLQDQGHUSDFNHQNDQQXPHLQHXQJOHLFKPlLJH6WUDKOXQJVYHUWHL
OXQJ WKHUPRG\QDPLVFK VLQQYROO ]X QXW]HQ RKQH 6WUDKOXQJ LQ /FNHQ ]X
YHUOLHUHQV$EVFKQLWW
'LH5HIOHNWLYLWlW GHU YHUZHQGHWHQ0DWHULDOLHQZLH$OXPLQLXPRGHU VLOEHUEH
VFKLFKWHWHP*ODVOLHJHQ]ZLVFKHQXQGZREHL/DQJ]HLWPHVVXQJHQDXI
HLQHPD[LPDOHGDXHUKDIWH5HIOHNWLYLWlWYRQKLQGHXWHQ'/5
3.3.2 Parameterisierung der Formen 
(VZXUGHQ5HIOHNWRUHQPLWYHUVFKLHGHQHU8QWHUWHLOXQJLQD[LDOHUXQGDFKVHQ
VHQNUHFKWHU5LFKWXQJXQWHUVXFKW$OV*UHQ]IDOOGHU8QWHUWHLOXQJLQD[LDOHU5LFK
WXQJ ZXUGHQ DXFK 5HIOHNWRUHQ DXV HLQGLPHQVLRQDO JHNUPPWHQ %OlWWHUQ
EHWUDFKWHW'LH)OlFKHQYRQ(LQXQG$XVWULWWVDSHUWXUVLQGYRUJHJHEHQ'LH)Ol
FKHGHU$XVWULWWVDSHUWXUHQWVSULFKWGHU0LQLPDOIOlFKHIUGLH6WUDKOXQJDXIGHU
(LQWULWWVDSHUWXU %HL SHUIHNWHU 7UDQVPLVVLRQ ZUGH DXI GLHVHU $XVWULWWVDSHUWXU
DOVR GLHPD[LPDO HUUHLFKEDUH.RQ]HQWUDWLRQ HU]LHOW )U GLH EHWUDFKWHWHQ)lOOH
EHWUlJWGDV)OlFKHQYHUKlOWQLV]ZLVFKHQ(LQXQG$XVWULWWVDSHUWXUKDOEHU
gIIQXQJVZLQNHOEH]LHKXQJVZHLVHKDOEHUgIIQXQJVZLQNHO
8PGLH)RUPGHU5HIOHNWRUHQHQWODQJHLQHV6FKQLWWHV]XEHVFKUHLEHQGHUGLH
RSWLVFKH$FKVHHQWKlOWZXUGHQDEKlQJLJYRQGHU$Q]DKOGHUD[LDOHQ6HJPHQWH
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

YLHU YHUVFKLHGHQH 6WUDWHJLHQ JHZlKOW'LHVHV D[LDOH3URILO EHVFKUHLEW ]XVDPPHQ
PLWGHU2UGQXQJGHV3RO\JRQV LPDFKVHQVHQNUHFKWHQ6FKQLWWGLH)RUPGHV5H
IOHNWRUVYROOVWlQGLJ
• ,P)DOOHYRQ]ZHL6HJPHQWHQLVWGLH/DJHGHVHLQHQ(FNSXQNWHVLP3URILOY|O
OLJIUHL
• %HLGUHLXQGYLHU6HJPHQWHQOLHJHQGLH(FNSXQNWHGHV3URILOVDXIHLQHP%H
]LHU6SOLQH'LHD[LDOH/DJHGHU3XQNWHLVW*HJHQVWDQGGHU2SWLPLHUXQJ
• %HLIQIXQGPHKU6HJPHQWHQOLHJHQGLH(FNSXQNWHZLHGHUXPDXIHLQHP%H
]LHU6SOLQH'HUD[LDOH$EVWDQG]ZLVFKHQGHQ3XQNWHQLVWMHGRFKNRQVWDQW
• ,P )DOOH GHU HLQGLPHQVLRQDO JHNUPPWHQ %OlWWHU ZXUGH HLQ SDUDEROLVFKHV
3URILORSWLPLHUW
• 'LH /lQJH GHV 5HIOHNWRUV DOVR VHLQH D[LDOH $XVGHKQXQJ ]ZLVFKHQ(LQ XQG
$XVWULWWVDSHUWXUVLQGLQMHGHP)DOOH*HJHQVWDQGGHU2SWLPLHUXQJ
'LH)HVWOHJXQJGHUUDGLDOHQ3RVLWLRQHQGHU(FNHQDXI%H]LHU6SOLQHVLP)DOOH
YRQPHKUDOVGUHL6HJPHQWHQGLHQW]XU5HGX]LHUXQJGHU$Q]DKOGHU3DUDPHWHU
GHU2SWLPLHUXQJ'DVJOHLFKHJLOWIUGLHIHVWHQD[LDOHQ/lQJHQLP)DOOHYRQIQI
XQGPHKU6HJPHQWHQ
3.3.3 Die verwendete Strahlung 
'LH6WUDKOXQJ IUGLH HLQ&3&5HIOHNWRUNRQ]LSLHUW LVW LVW LP2UWVUDXPDXI
GHU(LQWULWWVDSHUWXUKRPRJHQYHUWHLOW6LHNRPPWDXVHLQHP5LFKWXQJVNHJHOPLW
KDOEHPgIIQXQJVZLQNHOθGHVVHQ$FKVHVHQNUHFKWDXIGHU(LQWULWWVDSHUWXUVWHKW
'LH7UDQVPLVVLRQGHU6WUDKOXQJDXIGLH$XVWULWWVDSHUWXUZLUGLQGLHVHP)DOOUHOD
WLY]XU6WUDKOXQJDXIGHU¥SRO\JRQDOHQ¥(LQWULWWVDSHUWXUDQJHJHEHQ
'HU GUHLGLPHQVLRQDOH &3&5HIOHNWRU PLW SHUIHNW UHIOHNWLHUHQGHU 2EHUIOlFKH
WUDQVPLWWLHUWQLFKWDOOH6WUDKOXQJIUGLHHUNRQ]LSLHUWLVW(LQ7HLOGHU6WUDKOXQJ
HUUHLFKW QLFKW GLH $XVWULWWVDSHUWXU 'LHVH QLFKW DN]HSWLHUWH 6WUDKOXQJ IlOOW DXV
:LQNHOQ QDKH GHP QRPLQHOOHQ $N]HSWDQ]ZLQNHO θ ]XU 1RUPDOH DXI GLH (LQ
WULWWVDSHUWXU HLQ ,Q $EKlQJLJNHLW YRQ GLHVHP:LQNHO ILQGHW GHUhEHUJDQJ YRQ
]X7UDQVPLVVLRQLQQHUKDOEHLQHV%HUHLFKHVYRQVWDWW:HOIRUG
'LH6WUDKOXQJLQGLHVHPH[WUHPHQ:LQNHOEHUHLFKGHUHLQHQ5LQJLP5LFKWXQJV
UDXPIOOWLVWDOVRHLQEHVRQGHUVJXWHU,QGLNDWRUIUGLH7UDQVPLVVLRQHLQHV&3&
5HIOHNWRUV 1DKH]X DOOH 6WUDKOXQJ LQQHUKDOE GHV 5LQJHV ZLUG DN]HSWLHUW GLH
9HUOXVWHWUHWHQLP5LQJVHOEHUDXIV$EELOGXQJ$XVGLHVHP*UXQGNRQQWH
GLH 2SWLPLHUXQJ LQ GLHVHP )DOO GHXWOLFK GXUFK GLH LP IROJHQGHQ GDUJHVWHOOWH
9RUJHKHQVZHLVHEHVFKOHXQLJWZHUGHQ
5HIOHNWRUHQIUKRPRJHQHURWDWLRQVV\PPHWULVFKH6WUDKOXQJ

θ
kx
k y
(a) (b) (c)

$EELOGXQJD'LH6WUDKOXQJNRPPWDXVHLQHP.HJHOPLWGHPKDOEHQgIIQXQJVZLQNHOθ.E
9HUOXVWH GXUFK 6WUDKOXQNHKU WUHWHQQXU IU 6WUDKOXQJ DXI GLH XQWHU HLQHP:LQNHO QDKHθ ]XU
6HQNUHFKWHQDXIGLH(LQWULWWVDSHUWXUHLQIDOOHQF,P5LFKWXQJVUDXPIOOHQGLHVH6WUDKOHQHLQHQ
5LQJGHVVHQlXHUHU5DGLXVsinθEHWUlJW$OOH6WUDKOXQJLQQHUKDOEGHV5LQJHVZLUGDXIGLH$XV
WULWWVDSHUWXU EHUWUDJHQ DOOHUGLQJV HUOHLGHW VLH 9HUOXVWH GXUFK QLFKW SHUIHNWH 5HIOHNWLYLWlW GHU
2EHUIOlFKHQ
,PHUVWHQ2SWLPLHUXQJVVFKULWWZXUGHQGLH5HIOHNWRUHQQXUXQWHU(LQVDW]YRQ
6WUDKOXQJDXIGLHVHP5LQJ LP5LFKWXQJVUDXPRSWLPLHUW'LH5HFKHQ]HLW LVWGD
GXUFKHUKHEOLFKYHUNU]WZHLOQXUFDGHUHLJHQWOLFKHQ6WUDKOXQJEHWUDFKWHW
ZXUGHQ'XUFKGLHKRKH6HQVLWLYLWlWGHU$N]HSWDQ]DXIGLHVH6WUDKOXQJVLQGGLH
UHODWLYHQ 8QWHUVFKLHGH LQ GHU 7UDQVPLVVLRQ ]ZLVFKHQ ªJXWHQ© XQG ªVHKU JXWHQ©
5HIOHNWRUHQGHXWOLFKK|KHU$XIJUXQGGHU YHUNU]WHQ ]HQWUDOHQ5HFKHQ]HLWXQG
GHU EHVVHUHQ 8QWHUVFKLHGH NRQQWH HLQ JUQGOLFKHU $OJRULWKPXV YHUZHQGHW ZHU
GHQ GHU YHUKlOWQLVPlLJ YLHOH5HFKHQVFKULWWH ]XP(UUHLFKHQ HLQHV0D[LPXPV
EUDXFKWDEHUGHQ]XU9HUIJXQJVWHKHQGHQ3DUDPHWHUUDXPZHLWDXVVFK|SIW
,QGHU]ZHLWHQ6WXIHZXUGHPLWGHQJHIXQGHQHQ2SWLPDDOV6WDUWZHUWHQXQWHU
9HUZHQGXQJGHUJHVDPWHQ6WUDKOXQJGLH2SWLPLHUXQJIUDOOHEHWUDFKWHWHQ)RU
PHQPLWHLQHP$OJRULWKPXVGXUFKJHIKUWGHU]XYHUOlVVLJGLH2SWLPDLQGHUQl
KHUHQ8PJHEXQJGHV6WDUWZHUWHVLP3DUDPHWHUUDXPILQGHWV$EVFKQLWW
3.3.4 Transmission der optimierten Formen 
(V ZXUGHQ 5HIOHNWRUHQ PLW DFKW YHUVFKLHGHQHQ SRO\JRQDOHQ 4XHUVFKQLWWHQ
XQG DFKW YHUVFKLHGHQHQ D[LDOHQ8QWHUWHLOXQJHQ RSWLPLHUW'LH5HIOHNWLYLWlW GHU
6SLHJHOZXUGHDOVEH]LHKXQJVZHLVHDQJHQRPPHQ
$EELOGXQJXQG$EELOGXQJ]HLJHQGLH7UDQVPLVVLRQGHURSWLPLHUWHQ
5HIOHNWRUHQ LQ $EKlQJLJNHLW YRQ GHU D[LDOHQ 8QWHUWHLOXQJ XQG GHU (FNHQ LP
4XHUVFKQLWW $XHUGHP LVW GLH 7UDQVPLVVLRQ IU QLFKW RSWLPLHUWH&3&$SSUR[L
PDWLRQHQ PLW VHFKVHFNLJHP 4XHUVFKQLWW JUDXH /LQLHQ HLQJHWUDJHQ 'HU hEHU
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

VLFKW KDOEHU VLQG QLFKW GLH (UJHEQLVVH IU DOOH RSWLPLHUWHQ XQG EHUHFKQHWHQ
)RUPHQGDUJHVWHOOW0DQNDQQIROJHQGH(UJHEQLVVHJHZLQQHQ
• 'LH RSWLPLHUWHQ )RUPHQ PLW VHFKVHFNLJHP 4XHUVFKQLWW HUUHLFKHQ GHXWOLFK
K|KHUH7UDQVPLVVLRQVZHUWHDOVGLH&3&$SSUR[LPDWLRQHQ'LHVJLOWLPEHVRQ
GHUHQIU6WUDKOXQJPLWNOHLQHUHPgIIQXQJVZLQNHO'LH7UDQVPLVVLRQGHURS
WLPLHUWHQ5HIOHNWRUHQOLHJWELV]XEHUGHUGHUQLFKWRSWLPLHUWHQ
• -HGH (UK|KXQJ GHU $Q]DKO GHU 8QWHUWHLOXQJHQ IKUW ]X HLQHU EHVVHUHQ HU
UHLFKEDUHQ7UDQVPLVVLRQ -H JODWWHU DOVR GHU5HIOHNWRU GHVWRK|KHU LVW VHLQH
7UDQVPLVVLRQ'DV JLOW IUGLH8QWHUWHLOXQJ LQD[LDOH6HJPHQWHJHQDXVRZLH
IUGLH8QWHUWHLOXQJGHV4XHUVFKQLWWHVLQ3RO\JRQH
• %HLHLQHUK|KHUHQ$Q]DKOYRQD[LDOHQ6HJPHQWHQZXUGHGLH)RUPGHUD[LDOHQ
3URILOHDXI%H]LHU6SOLQHVXQGIHVWHD[LDOH8QWHUWHLOXQJHLQJHVFKUlQNW'LHVH
]XQHKPHQGH (LQVFKUlQNXQJ GHU )RUPHQ EHL K|KHUHU $Q]DKO GHU D[LDOHQ
6HJPHQWH ZLUNW VLFKQLFKW HUNHQQEDUQHJDWLYDXIGLHHUUHLFKEDUH7UDQVPLV
VLRQ DXV :lUH GLHV GHU )DOO PWHQ 8QVWHWLJNHLWHQ RGHU .QLFNH EHL GHQ
7UDQVPLVVLRQVNXUYHQ DQ GHQ hEHUJDQJVVWHOOHQ ]ZLVFKHQ GHQ EHVFKULHEHQHQ
.RQ]HSWHQVLFKWEDUVHLQ'LH.XUYHQVLQGMHGRFKJHQHUHOOJODWW
• 8QDEKlQJLJ YRQ GHU 5HIOHNWLYLWlW ZHLVHQ GLH 5HIOHNWRUHQ IU NOHLQHUH gII
QXQJVZLQNHO HLQZHVHQWOLFKK|KHUHV3RWHQWLDO ]XU9HUEHVVHUXQJGXUFKPHKU
D[LDOH6HJPHQWHXQGPHKU8QWHUWHLOXQJHQLP4XHUVFKQLWWDXI
• %HLGHU8QWHUWHLOXQJGHV4XHUVFKQLWWHVVHQNUHFKW]XURSWLVFKHQ$FKVHLQ3R
O\JRQH IlOOW DXI GDXQDEKlQJLJ YRQGHU$Q]DKOGHUD[LDOHQ6HJPHQWHGHU
6FKULWWYRPVHLWLJHQ]XPVHLWLJHQ3RO\JRQEHUHLWVGHUJHVDP
WHQ7UDQVPLVVLRQV]XQDKPH YRPVHLWLJHQ ELV ]XPVHLWLJHQ 3RO\JRQ DXV
PDFKW
• (EHQVRJLOW IUGLH8QWHUWHLOXQJ LQD[LDOH6HJPHQWHGDGHU6FKULWWYRQHL
QHP ]X VHFKV 6HJPHQWHQ XQDEKlQJLJ YRP SRO\JRQDOHP 4XHUVFKQLWW HWZD
θ E]Zθ GHUHUUHLFKEDUHQ9HUEHVVHUXQJELVKLQ]X
SDUDEROLVFKHQ%OlWWHUQDXVPDFKW
• $XFKLQDEVROXWHQ:HUWHQJLOWGDEHLKDOEHQgIIQXQJVZLQNHOQGLH8Q
WHUWHLOXQJ LQPHKUD[LDOH6HJPHQWHDOV ]XP%HLVSLHO VHFKVQRFKGHXWOLFKHUH
*HZLQQHEULQJWDOVEHL
• 'LH 5HIOHNWRUHQ IU 6WUDKOXQJ PLW  KDOEHQ gIIQXQJVZLQNHO HUUHLFKHQ
GXUFKZHJ GHXWOLFK K|KHUH 7UDQVPLVVLRQ DOV GLH YHUJOHLFKEDUHQ 5HIOHNWRUHQ
IU6WUDKOXQJPLWKDOEHQgIIQXQJVZLQNHO'DVHQWVSULFKWGHQ(UZDUWXQ
5HIOHNWRUHQIUKRPRJHQHURWDWLRQVV\PPHWULVFKH6WUDKOXQJ

JHQZHLOEHLNOHLQHUHPgIIQXQJVZLQNHOGLHPLWWOHUH$Q]DKOGHU5HIOH[LRQHQ
SUR6WUDKOVWHLJWXQGGDPLW5HIOH[LRQVYHUOXVWH]XQHKPHQ5DEO
• :LH]XHUZDUWHQHUUHLFKHQGLH5HIOHNWRUHQEHL5HIOHNWLYLWlWGHU6SLHJHO
]ZLVFKHQXQGK|KHUH7UDQVPLVVLRQDOVEHL5HIOHNWLYLWlW
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Anzahl der axialen Segmente

$EELOGXQJ7UDQVPLVVLRQGHURSWLPLHUWHQ5HIOHNWRUHQPLW5HIOHNWLYLWlW'HUKDOEHgII
QXQJVZLQNHOGHU6WUDKOHQEHWUlJWEH]LHKXQJVZHLVH$XIGHU2UGLQDWHLVWGLH$Q]DKOGHU
D[LDOHQ6HJPHQWHELVKLQ]XP*UHQ]ZHUWGHUSDUDEROLVFKHQ%OlWWHUDXIJHWUDJHQ'HU3DUDPHWHU
LQQHUKDOEGHU.XUYHQVFKDULVWGLH8QWHUWHLOXQJGHV4XHUVFKQLWWHVLQ3RO\JRQHGHU2UGQXQJ
RGHU=XP9HUJOHLFKVLQGGLH7UDQVPLVVLRQVZHUWHIUQLFKWRSWLPLHUWH$SSUR[LPDWLRQHQ
DQGLH&3&)RUPHLQJHWUDJHQ JUDXH/LQLHQGHUhEHUVLFKWKDOEHUQXUPLW VHFKVHFNLJHP4XHU
VFKQLWW
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

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
$EELOGXQJ:LH$EELOGXQJIU5HIOHNWLYLWlWGHUVSLHJHOQGHQ2EHUIOlFKHQ
3.3.5 Formen der optimierten 5HIOHNWRUen 
$EELOGXQJXQG$EELOGXQJ]HLJHQGLH3URILOHHLQLJHURSWLPLHUWHU5H
IOHNWRUHQLP9HUJOHLFK]XGHQHQWVSUHFKHQGHQ&3&5HIOHNWRUHQ)ROJHQGH3XQNWH
VLQGDQ]XPHUNHQ
• $OOHRSWLPLHUWHQ)RUPHQZHLFKHQGHXWOLFKYRP3URILOGHV&3&5HIOHNWRUVDE
,QVEHVRQGHUH LVW NHLQHU GHU RSWLPLHUWHQ 5HIOHNWRUHQ GHXWOLFK NU]HU DOV HLQ
&3&5HIOHNWRUGLHPHLVWHQVLQGVRJDUOlQJHU'HUELVKHUYHUZHQGHWHJHNU]WH
&3&5HIOHNWRUVWHOOWDOVRQLFKWGLHRSWLPDOH)RUPGDU
• 'LH 5HIOHNWRUHQPLW 5HIOHNWLYLWlW GHU 6SLHJHO VLQG LQ D[LDOHU5LFKWXQJ
GHXWOLFK OlQJHU DOV MHQH PLW  5HIOHNWLYLWlW )U SHUIHNWH 5HIOHNWLYLWlW
ZlUHQXQHQGOLFKDXVJHGHKQWH5HIOHNWRUHQLGHDOH.RQ]HQWUDWRUHQ0LW
]XQHKPHQGHU 5HIOHNWLYLWlW QlKHUQ VLFK GLH RSWLPLHUWHQ 5HIOHNWRUHQ GLHVHQ
LGHDOHQXQHQGOLFKDXVJHGHKQWHQ5HIOHNWRUHQDQ
• )UJOHLFKH5HIOHNWLYLWlWXQGgIIQXQJVZLQNHOOlWVLFKNHLQHHLQGHXWLJH2UG
QXQJGHU)RUPHQ JHPlGHU$Q]DKOGHU D[LDOHQ6HJPHQWH IHVWVWHOOHQ0DQ
NDQQEHLVSLHOVZHLVHDOVRQLFKWVDJHQGDGLH5HIOHNWRUHQPLWVWHLJHQGHU$Q
]DKOGHUD[LDOHQ6HJPHQWHNU]HUZHUGHQ
• ,P)DOOHYRQYLHUD[LDOHQ6HJPHQWHQXQWHUOLHJHQGLHD[LDOHQ$XVGHKQXQJHQ
GLHVHU6HJPHQWHQRFKGHU2SWLPLHUXQJ0DQHUNHQQWGDGLHD[LDOHQ6WXIHQ
GHQQRFKDOOHDQQlKHUQGGLHJOHLFKH/lQJHKDEHQ'DVUHFKWIHUWLJWDXFKGLH
5HIOHNWRUHQIUKRPRJHQHURWDWLRQVV\PPHWULVFKH6WUDKOXQJ

)HVWOHJXQJ DXI JOHLFKH /lQJHQ IU 5HIOHNWRUHQPLW IQI RGHUPHKU D[LDOHQ
6HJPHQWHQ
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
$EELOGXQJ 6FKQLWWHGXUFKGLH RSWLPLHUWHQ5HIOHNWRUHQ IU6WUDKOXQJPLWKDOEHQgII
QXQJVZLQNHO(VVLQGGLH3URILOHIU5HIOHNWRUHQPLWVHFKVHFNLJHP4XHUVFKQLWWXQGXQG
D[LDOHQ6HJPHQWHQE]ZSDUDEROLVFKHQ%OlWWHUQJHSXQNWHWJH]HLJW=XVlW]OLFKLVWGDV3URILOHLQHV
&3&5HIOHNWRUVGDUJHVWHOOW,QGHUREHUHQ+lOIWHVLQGRSWLPLHUWH5HIOHNWRUHQPLW5HIOHNWLYL
WlWGHU6SLHJHOJH]HLJWLQGHUXQWHUHQVROFKHPLW'LH$EELOGXQJLVWQLFKWPDVWDEVJHWUHX
'LH RSWLVFKH$FKVH YHUOlXIWKRUL]RQWDO/LQNV LVW GLH(LQWULWWVDSHUWXU RIIHQ]X VHKHQ UHFKWVGLH
$XVWULWWVDSHUWXUJHVFKORVVHQ'LH(LQWULWWV|IIQXQJGHV&3&5HIOHNWRUVLVWHWZDVNOHLQHUGDGHVVHQ
UXQGH (LQWULWWVDSHUWXU GLHVHOEH )OlFKH ZLH GLH VHFKVHFNLJH (LQWULWWVDSHUWXU GHU GDUJHVWHOOWHQ
RSWLPLHUWHQ5HIOHNWRUHQKDW
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
$EELOGXQJ 6FKQLWWHGXUFKGLH RSWLPLHUWHQ5HIOHNWRUHQ IU6WUDKOXQJPLWKDOEHQgII
QXQJVZLQNHO'LH$EELOGXQJLVWPDVWDEVJHWUHX'LH(LQWULWWV|IIQXQJGHV&3&5HIOHNWRUVLVWHWZDV
NOHLQHU GD GLH UXQGH (LQWULWWVDSHUWXU GLHVHOEH )OlFKH ZLH GLH VHFKVHFNLJH (LQWULWWVDSHUWXU GHU
GDUJHVWHOOWHQRSWLPLHUWHQ5HIOHNWRUHQKDW
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

3.3.6 Zusammenfassung 
'LH (UJHEQLVVH GHU 2SWLPLHUXQJ ODVVHQ IROJHQGH (UNHQQWQLVVH GHXWOLFK KHU
YRUWUHWHQ
• 'LH)RUPHLQHV5HIOHNWRUVVROOWHLQMHGHP)DOOIUGLHJHJHEHQHQ5DQGEHGLQ
JXQJHQZLH5HIOHNWLYLWlWGHU6SLHJHOXQG8QWHUWHLOXQJ LQ)DFHWWHQRSWLPLHUW
ZHUGHQ
• 'LHRSWLPLHUWHQ5HIOHNWRUHQZHLFKHQ IUXQWHUVFKLHGOLFKH5DQGEHGLQJXQJHQ
¥ ZLH GHU $Q]DKO GHU8QWHUWHLOXQJHQ LQ )DFHWWHQ RGHU GHU 5HIOHNWLYLWlW GHU
2EHUIOlFKH¥LQLKUHU)RUPGHXWOLFKYRQHLQDQGHUDE
• 'HU 9HUJOHLFK GHU RSWLPLHUWHQ 5HIOHNWRUHQ IU YHUVFKLHGHQH gIIQXQJVZLQNHO
OHJW QDKH GDPDQ IU NOHLQHUH gIIQXQJVZLQNHO GHXWOLFKPHKU D[LDOH 6HJ
PHQWHYHUZHQGHQVROOWHDOVEHLJU|HUHPgIIQXQJVZLQNHO
• 'LH2SWLPLHUXQJGHU5HIOHNWRUIRUPNDQQGHXWOLFKEHVFKOHXQLJWZHUGHQZHQQ
PDQLQHLQHUHUVWHQ6WXIHGHQ$QWHLOGHU6WUDKOXQJGHUHUZDUWXQJVJHPl]XU
$XVWULWWVDSHUWXU WUDQVPLWWLHUW ZLUG QLFKW EHUFNVLFKWLJW VRQGHUQ QXU GHQ
$QWHLOGHU6WUDKOXQJEHWUDFKWHWLQGHP6WUDKOXPNHKUYHUOXVWHDXIWUHWHQ
3.4 Reflektoren für den zentralen Bereich der Fokalebene ei-
nes Heliostatenfeldes 
,Q$EVFKQLWWZXUGHJH]HLJWZLHVLFKNRQLVFKH6HNXQGlUUHIOHNWRUHQDQGLH
6WUDKOXQJHLQHVYRUJHJHEHQHQ+HOLRVWDWHQIHOGHVDQSDVVHQN|QQHQ,QGLHVHP$E
VFKQLWW ZHUGHQ QXQ 6HNXQGlUUHIOHNWRUHQ YRUJHVWHOOW GLH EHL HLQHU WKHUPLVFK
PHKUVWXILJHQ1XW]XQJGHU6WUDKOXQJ LP=HQWUXPGHU)RNDOHEHQHGHV+HOLRVWD
WHQIHOGHV]XP(LQVDW]NRPPHQN|QQHQ$XFKKLHUZLUG6WUDKOXQJHLQJHVHW]WGLH
LP5LFKWXQJVUDXPQLFKWURWDWLRQVV\PPHWULVFKYHUWHLOWLVW'HVZHJHQLVW]XHUZDU
WHQ GD KHUN|PPOLFKH URWDWLRQVV\PPHWULVFKH 6HNXQGlUUHIOHNWRUHQ GHQ QHXHQ
DV\PPHWULVFKHQ)RUPHQXQWHUOHJHQVHLQZHUGHQ
%LVKHUJLQJPDQGDYRQDXVGDJODWWH5HIOHNWRUIRUPHQEOLFKHUZHLVHGLHEH
VWHQ(UJHEQLVVHHU]LHOHQ'LHVZLUGDXFKGXUFKGLH(UJHEQLVVHLPYRUKHULJHQ$E
VFKQLWWEHVWlWLJWZRGLH7UDQVPLVVLRQPLWGHU$Q]DKOGHU)DFHWWHQKLQ]XJODWWHQ
)RUPHQVWHWLJ]XQLPPW'HVKDOEZXUGHQ]XHUVW5HIOHNWRUHQPLWJODWWHU2EHUIOl
FKH XQG HOOLSWLVFKHQ 4XHUVFKQLWWHQ XQWHUVXFKW 'LH LP QlFKVWHQ 6FKULWW XQWHU
VXFKWHQ5HIOHNWRUHQDXV HEHQHQ)DFHWWHQ ]HLJWHQ MHGRFKGDHLQ5HIOHNWRUPLW
UHFKWHFNLJHP 4XHUVFKQLWW GLH JHJHEHQH 6WUDKOXQJ DXV HLQHP HOOLSWLVFKHQ 5LFK
WXQJVEHUHLFKGHXWOLFKEHVVHU NRQ]HQWULHUHQNDQQDOVGLH5HIOHNWRUHQPLW JODWWHU
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

2EHUIOlFKH'LHVH(UNHQQWQLV IKUWH ]XGHQDP(QGHYRUJHVWHOOWHQ5HIOHNWRUHQ
GLHVHQNUHFKW]XURSWLVFKHQ$FKVHHLQHQUHFKWHFNLJHQ4XHUVFKQLWWDXIZHLVHQXQG
OlQJV GHU $FKVH HLQGLPHQVLRQDO JHNUPPW DOVR DXV %OlWWHUQ ]XVDPPHQJHVHW]W
VLQG
3.4.1 Die Strahlung 
'DV=HQWUXPGHU=LHOHEHQHGHV+HOLRVWDWHQIHOGHVHUUHLFKW6WUDKOXQJYRPJH
VDPWHQ+HOLRVWDWHQIHOG'LHLQ$EVFKQLWWEHVFKULHEHQH6WUDKOXQJHLQHV.RQ
WLQXXPIHOGHV GHVVHQ $EPHVVXQJHQ GHQHQ GHV +HOLRVWDWHQIHOGHV DP :,6
HQWVSUHFKHQGLHQWIUGLHLQGLHVHP$EVFKQLWWYRUJHVWHOOWHQ6HNXQGlUUHIOHNWRUHQ
DOV6WUDKOXQJVTXHOOH,P=HQWUXPGHU)RNDOHEHQHGHV)HOGHVYDULLHUWGLH%HVWUDK
OXQJVVWlUNHLP2UWVUDXPZHQLJ,P5LFKWXQJVUDXPIOOWGLH6WUDKOXQJGLH(OOLSVH
DXV GLH GXUFK GLH )RUPGHV+HOLRVWDWHQIHOGHV YRUJHJHEHQ LVW'LH 6WUDKOVWlUNH
LQQHUKDOEGLHVHU(OOLSVHZHLFKWXPPD[LPDOYRP0LWWHOZHUWDE'LHVH$E
ZHLFKXQJHQ VROOHQ IU GHQ(QWZXUI GHV5HIOHNWRUV QLFKW EHUFNVLFKWLJWZHUGHQ
'LH)RUPGHV5HIOHNWRUVVROODOVRGLH2VW:HVWVRZLHGLH1RUG6G6\PPHWULHGHU
6WUDKOXQJZLHGHUVSLHJHOQ
%LVKHUYRUJHVFKODJHQH.RQ]HSWHIU6HNXQGlUUHIOHNWRUHQYRQ6RODUWXUPNUDIW
ZHUNHQ EHQXW]HQ KHUN|PPOLFKH 5HIOHNWRUIRUPHQ GLH IU 6WUDKOXQJ DXV HLQHP
URWDWLRQVV\PPHWULVFKHQ5LFKWXQJVEHUHLFKNRQ]LSLHUWVLQGV$EVFKQLWW'LHVH
5HIOHNWRUHQDN]HSWLHUHQDOVR6WUDKOXQJGLH LP5LFKWXQJVUDXPHLQHQ.UHLVDXV
IOOW XQG QLFKW HLQH (OOLSVH PLW JURHU ([]HQWUL]LWlW ZLH GLH KLHU YRUOLHJHQGH
6WUDKOXQJ %HL GHP 9HUVXFK GHQ NUHLVI|UPLJHQ $N]HSWDQ]EHUHLFK HLQHV URWDWL
RQVV\PPHWULVFKHQ5HIOHNWRUVDQGLHHOOLSWLVFKH6WUDKOXQJDQ]XSDVVHQPXPDQ
]ZHLHUOHL9HUOXVWHLQ.DXIQHKPHQ9RUKDQGHQH6WUDKOXQJDXHUKDOEGHV$N]HS
WDQ]EHUHLFKHV YHUULQJHUW GLH 7UDQVPLVVLRQ*HELHWH LQQHUKDOE GHV$N]HSWDQ]EH
UHLFKHVGLHQLFKWYRQ6WUDKOXQJDXVJHIOOWZHUGHQYHUGQQHQGLH6WUDKOXQJDXI
GHU$XVWULWWVDSHUWXU$EELOGXQJYHUGHXWOLFKWGLHVHEHLGHQ9HUOXVWP|JOLFKNHL
WHQ
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

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
$EELOGXQJ9HUVXFKWPDQ6WUDKOXQJDXVHLQHU(OOLSVHLP5LFKWXQJVUDXPPLWHLQHUNUHLVI|U
PLJHQ$N]HSWDQ]DE]XGHFNHQPXPDQ9HUGQQXQJVHQNUHFKWVFKUDIILHUWRGHU7UDQVPLVVLRQV
YHUOXVWHVFKUlJVFKUDIILHUWLQ.DXIQHKPHQ
'LH=LHOYRUJDEHIUGLHRSWLPLHUWHQ6HNXQGlUUHIOHNWRUHQLQGLHVHP$EVFKQLWW
ZLUGHVVHLQLKUH$N]HSWDQ]LP5LFKWXQJVUDXPP|JOLFKVWJXWDQGLHYRQGHU(LQ
VWUDKOXQJDXVJHIOOWH(OOLSVHDQ]XSDVVHQ8PGDV9HUEHVVHUXQJVSRWHQWLDOGXUFK
GLH%UHFKXQJGHU5RWDWLRQVV\PPHWULHDXI]X]HLJHQZXUGHQIUDOOHXQWHUVXFKWHQ
)RUPHQ DXFK VROFKH 9DULDQWHQ RSWLPLHUW GLH HLQH 6WUDKOXQJ DXV HLQHP URWDWL
RQVV\PPHWULVFKHQ5LFKWXQJVEHUHLFKDN]HSWLHUHQ(VZHUGHQ5HIOHNWRUHQPLWJODW
WHU ]ZHLGLPHQVLRQDO JHNUPPWHU 2EHUIOlFKH XQG VROFKH DXV HEHQHQ XQG
HLQGLPHQVLRQDOJHNUPPWHQ)DFHWWHQYRUJHVWHOOW
3.4.2 Ansatz für einen Reflektor mit glatter Oberfläche 
,P KLHU EHKDQGHOWHQ )DOO IlOOW GLH 6WUDKOXQJ DXV HLQHP5LFKWXQJVNHJHOPLW
]ZHLYHUVFKLHGHQHQgIIQXQJVZLQNHOQDXIGLH(LQWULWWVDSHUWXU8PGLHVH6\PPH
WULH ZLHGHU]XJHEHQ ZLUG GHU 5HIOHNWRU DXV ]ZHL YHUVFKLHGHQHQ SDUDEROLVFKHQ
6FKQLWWHQLQ2VW:HVWEH]LHKXQJVZHLVH1RUG6G5LFKWXQJDXIJHEDXW8PHLQHQ
5HIOHNWRUPLWHEHQHQ$SHUWXUHQ]XHUUHLFKHQPVVHQEHLGH6FKQLWWHLQ5LFKWXQJ
GHURSWLVFKHQ$FKVHGLHVHOEH/lQJHDXIZHLVHQV$EELOGXQJ
'LHSDUDEROLVFKH)RUPZXUGHLQ$QQlKHUXQJDQGHQEHNDQQWHUPDHQJXWHQ
&3&5HIOHNWRUJHZlKOW'LHVHULVWDXV]ZHLSDUDEROLVFKHQbVWHQ]XVDPPHQJHVHW]W
XQG LQ]ZHL'LPHQVLRQHQHLQ LGHDOHU.RQ]HQWUDWRU IU6WUDKOXQJDXVHLQHPIH
VWHQ5LFKWXQJVEHUHLFK5DEO5LHV%HLGHQKLHUYRUJHVWHOOWHQJODWWHQ
)RUPHQ ZXUGH GLH SDUDEROLVFKH )RUP DOOHUGLQJV GXUFK HLQHQ %H]LHU6SOLQH HU
VHW]W5HFKQXQJHQPLWSDUDEROLVFKHQ)RUPHQHUJDEHQNHLQHVLJQLILNDQWEHVVHUHQ
RGHUVFKOHFKWHUHQ(UJHEQLVVH
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

+ =

$EELOGXQJ  'HU 6HNXQGlUUHIOHNWRU PLW JODWWHU 2EHUIOlFKH ZLUG DXV ]ZHL YHUVFKLHGHQHQ
6FKQLWWHQHQWZRUIHQGLHPLW(OOLSVHQYHUEXQGHQZHUGHQ'LHXQWHUVFKLHGOLFKHQ6FKQLWWH VROOHQ
GLH $XVOHJXQJ DXI GLH XQWHUVFKLHGOLFKHQgIIQXQJVZLQNHO GHU 6WUDKOXQJ LP1RUG6G XQG2VW
:HVW5LFKWXQJ HUP|JOLFKHQ %HLGH 6FKQLWWH ZHLVHQ GLHVHOEH /lQJH LQ 5LFKWXQJ GHU RSWLVFKHQ
$FKVHDXIXPHEHQH(LQXQG$XVWULWWVDSHUWXUHQ]XJHZlKUOHLVWHQ
'LH UHVXOWLHUHQGH)RUPGHV6HNXQGlU5HIOHNWRUVKDWPD[LPDO VHFKV IUHLH3D
UDPHWHUIUGLH2SWLPLHUXQJ'LH$XVGHKQXQJLQ5LFKWXQJGHURSWLVFKHQ$FKVH
GLH([]HQWUL]LWlWHQGHU(LQXQG$XVWULWWVDSHUWXU MHZHLOV ]ZHL.RRUGLQDWHQ ]XU
%HVWLPPXQJGHU)RUPGHV6SOLQHVLQMHGHP6FKQLWW
'LH)OlFKHGHU(LQWULWWVDSHUWXULVWIHVWYRUJHJHEHQGLH)OlFKHGHU$XVWULWWVDSHU
WXUZLUGYDULLHUWXPHLQH.HQQOLQLH]XHUKDOWHQ
(VZXUGHQGUHL*UXQGIRUPHQXQWHUVXFKW
D (LQHURWDWLRQVV\PPHWULVFKH)RUPPLWNUHLVI|UPLJHU(LQVRZLH$XVWULWWVDSHU
WXU
EHLQH DV\PPHWULVFKH )RUP PLW H[]HQWULVFKHU (LQ XQG NUHLVI|UPLJHU $XV
WULWWVDSHUWXU
F HLQH DV\PPHWULVFKH )RUP PLW H[]HQWULVFKHU (LQ XQG $XVWULWWVDSHUWXU GLH
DOVRDOOHEHVFKULHEHQHQ)UHLKHLWVJHUDGHDXVQXW]HQNDQQ
'LHNUHLVI|UPLJH$XVWULWWVDSHUWXUYRQ)RUPEHUP|JOLFKWHVHLQHQYROXPHWUL
VFKHQ $EVRUEHU PLW 'UXFNIHQVWHU ]X YHUZHQGHQ 'LH )HQVWHU VROFKHU $EVRUEHU
VLQG ZHJHQ GHU DXIWUHWHQGHQ ,QQHQGUFNH YRQ ELV ]X EDU DOV .XJHOVFKDOHQ
RGHU.HJHOVWPSIH DXVJHIKUW XQG VRPLW DXI HLQH NUHLVI|UPLJH(LQWULWWVDSHUWXU
DQJHZLHVHQ .ULEXV .DUQL (LQH DV\PPHWULVFKH)RUPPLW NUHLVI|U
PLJHU(LQWULWWVDSHUWXU XQG HOOLSWLVFKHU $XVWULWWVDSHUWXUZXUGH DXFK XQWHUVXFKW
'HUHQ(UJHEQLVVHEOHLEHQDEHUVRZHLWKLQWHUGHQHQGHU)RUPE]XUFNGDVLH
LPZHLWHUHQQLFKWPHKUGDUJHVWHOOWZLUG
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

3.4.3 Kennlinien für Reflektoren mit glatter Oberfläche 
$EELOGXQJ]HLJWGLH.HQQOLQLHQ IUGLH5HIOHNWRUHQPLWJODWWHU2EHUIOl
FKH0DQHUNHQQWIROJHQGH(UJHEQLVVH
• 'LH.HQQOLQLHQ IU GLH EHLGHQ DV\PPHWULVFKHQ)RUPHQ OLHJHQ LPJHVDPWHQ
GDUJHVWHOOWHQ%HUHLFKGHXWOLFKREHUKDOEGHU.HQQOLQLHQIUGLHV\PPHWULVFKH
)RUP 'DV KHLW VLH HUUHLFKHQ EHL JOHLFKHU 7UDQVPLVVLRQ GHXWOLFK K|KHUH
.RQ]HQWUDWLRQVZHUWHXQGXPJHNHKUW
• 'LH DV\PPHWULVFKH )RUPPLW H[]HQWULVFKHU $XVWULWWVDSHUWXU HUUHLFKW QXU JH
ULQJIJLJ EHVVHUH (UJHEQLVVH DOV GLH DV\PPHWULVFKH )RUPPLW NUHLVI|UPLJHU
$XVWULWWVDSHUWXU
%HLHLQHU7UDQVPLVVLRQYRQHUUHLFKWGLH)RUPEHLQHXPXQGGLH
)RUPFHLQHXPK|KHUH.RQ]HQWUDWLRQDOVGLHV\PPHWULVFKH)RUPD
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$EELOGXQJ.HQQOLQLHQYRQ5HIOHNWRUHQPLWJODWWHU2EHUIOlFKHIUGLH6WUDKOXQJYRQHLQHP
+HOLRVWDWHQIHOG D URWDWLRQVV\PPHWULVFKH )RUP E H[]HQWULVFKH (LQ XQG NUHLVI|UPLJH $XV
WULWWVDSHUWXUFH[]HQWULVFKH(LQVRZLH$XVWULWWVDSHUWXU'LH.XUYHQFXQGEVLQGLP%HUHLFK
YRQUHODWLYHQ.RQ]HQWUDWLRQHQREHUKDOEYRQGHFNXQJVJOHLFK
%HL GHU DV\PPHWULVFKHQ )RUP F PLW H[]HQWULVFKHU $XVWULWWVDSHUWXU WUHWHQ
]ZHL GHXWOLFK XQWHUVFKLHGOLFKH $XVIRUPXQJHQ YRQ 5HIOHNWRUHQ DXI $EELOGXQJ
 ]HLJW MH HLQHQ9HUWUHWHU GLHVHU$XVIRUPXQJHQ'LH HLQHKDW HLQH LQ 1RUG
6G5LFKWXQJ DXVJHGHKQWH (LQWULWWVDSHUWXU XQG HLQH QDKH]X NUHLVI|UPLJH $XV
WULWWVDSHUWXU GLHVH $XVIRUPXQJ WULWW LP %HUHLFK GHU .HQQOLQLH PLW K|KHUHU
7UDQVPLVVLRQDXI
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

,Q%HUHLFKHQGHU.HQQOLQLHPLWQLHGULJHUHU7UDQVPLVVLRQKDEHQGLH5HIOHNWR
UHQVWDUNH[]HQWULVFKH(LQVRZLH$XVWULWWVDSHUWXUHQGLHEHLGH LQ2VW:HVW5LFK
WXQJDXVJHGHKQWVLQG
 
$EELOGXQJ=ZHLYHUVFKLHGHQH$XVIRUPXQJHQGHVDV\PPHWULVFKHQ5HIOHNWRUV FPLWH[]HQ
WULVFKHU(LQXQG$XVWULWWVDSHUWXU'LHOLQNVGDUJHVWHOOWH)RUPKDWHLQHQDKH]XNUHLVI|UPLJH$XV
WULWWVDSHUWXUXQGHQWVSULFKWGDPLW LP$XVVHKHQGHU)RUPE'LH)DFHWWHQGLHQHQKLHUQXU]XU
EHVVHUHQ'DUVWHOOXQJGLH2EHUIOlFKHGHV5HIOHNWRUVLQGHU6LPXODWLRQLVWJODWW
3.4.4 Ansätze für Reflektoren aus ebenen Facetten 
8P GLH =LHODSHUWXU GHV+HOLRVWDWHQIHOGHV JDQ] RGHU WHLOZHLVHPLWPHKUHUHQ
JOHLFKDUWLJHQ6HNXQGlUUHIOHNWRUHQIOOHQ]XN|QQHQPVVHQGHUHQ(LQWULWWVDSHU
WXUHQGLH)RUPYRQ9LHUHFNHQRGHU6HFKVHFNHQKDEHQV$EVFKQLWW'UHLHFNH
VFKHLGHQKLHUDXVZHLOGLH)RUPGHU5HIOHNWRUHQMDGLH1RUG6GXQG2VW:HVW
6\PPHWULHGHU6WUDKOXQJZLHGHUJHEHQVROOHQ$XHUGHPVFKOLHHQGLHVFKOHFKWHQ
(UJHEQLVVH IU 5HIOHNWRUHQPLW GUHLHFNLJHQ $SHUWXUHQ DXV $EVFKQLWW  GHUHQ
9HUZHQGXQJDXV
$XVJHKHQGYRQGHUSRO\JRQDOHQ(LQWULWWVDSHUWXUNDQQPDQQXQHLQHQ5HIOHN
WRURU DXV HEHQHQ)DFHWWHQ LQ IROJHQGHU:HLVH DXIEDXHQ0DQGHILQLHUWZHLWHUH
SRO\JRQDOH$SHUWXUHQGLHSDUDOOHO]XU(LQWULWWVDSHUWXUVLQGXQGYHUELQGHWGLHVH
GXUFKHEHQH6SLHJHOIOlFKHQLQGHU)RUPYRQ'UHLHFNHQRGHU7UDSH]HQ'LHOHW]WH
GHU$SHUWXUHQELOGHWGDQQGLH$XVWULWWVDSHUWXU
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

V-Typ
H-Typ

$EELOGXQJ(VZHUGHQ]ZHL7\SHQYRQ6HFKVHFNHQFKDUDNWHULVLHUW'HU97\SKDW]ZHLSDUDO
OHOHYHUWLNDOH6HLWHQGHU+7\SKDW]ZHLSDUDOOHOHKRUL]RQWDOH6HLWHQ
'DV3ULQ]LSXQGGLH9LHOIDOWGHUP|JOLFKHQ)RUPHQVROODP%HLVSLHOGHU5H
IOHNWRUHQPLW VHFKVHFNLJHQ$SHUWXUHQYHUGHXWOLFKWZHUGHQ$EELOGXQJ]HLJW
GLH ]ZHLP|JOLFKHQ7\SHQ YRQ 6HFKVHFNHQPLW GHQ HUIRUGHUOLFKHQ 6\PPHWULHQ
(LQ6HFKVHFNPLW]ZHLKRUL]RQWDOHQ6HLWHQZLUGDOV+7\SEH]HLFKQHWHLQHVPLW
YHUWLNDOHQ6HLWHQDOV97\S(LQ5HIOHNWRURUPLWVHFKVHFNLJHQ$SHUWXUHQNDQQPLW
EHOLHELJHQ.RPELQDWLRQHQGLHVHU7\SHQDXIJHEDXWZHUGHQ$EELOGXQJ]HLJW
9HUELQGXQJHQ ]ZHLHU VHFKVHFNLJHU $SHUWXUHQ JOHLFKHQ RGHU YHUVFKLHGHQHQ 7\SV
GXUFK HEHQH )OlFKHQ 'LHVH 9HUELQGXQJHQ VLQG NHLQHVZHJV HLQGHXWLJ VRQGHUQ
ZLOONUOLFKDXVGHQP|JOLFKHQDXVJHZlKOW(LQVROFKHU5LQJYRQ6SLHJHOIDFHWWHQ
GHU]ZHL$SHUWXUHQYHUELQGHWZLUGZLHLQ$EVFKQLWWDOV6HJPHQWEH]HLFKQHW
(a) (b) (c) (d) 
$EELOGXQJ  9HUELQGXQJ YRQ ]ZHL VHFKVHFNLJHQ$SHUWXUHQPLW HEHQHQ GUHLHFNLJHQ XQG WUD
SH]I|UPLJHQ)OlFKHQ(VN|QQHQHQWZHGHU]ZHLYHUVFKLHGHQH7\SHQYRQ6HFKVHFNHQPLWHLQDQGHU
YHUEXQGHQZHUGHQD97\S]X+7\SE+7\S]X97\SRGHU]ZHLJOHLFKH7\SHQF97\S]X
97\SG+7\S]X+7\S'LH9HUELQGXQJHQ]ZLVFKHQ]ZHLQLFKWSDUDOOHOHQ6HLWHQLQFXQGG
GXUFK'UHLHFNHVLQGQLFKWHLQGHXWLJ'LHMHZHLOLJH)RUPLVWZLOONUOLFKJHZlKOW
'LH $SHUWXUHQ HLQHV 5HIOHNWRUV PVVHQ QLFKW DOOH GLH JOHLFKH $Q]DKO YRQ
(F""NHQKDEHQ0DQNDQQEHLVSLHOVZHLVHDXFKHLQHVHFKVHFNLJH$SHUWXUPLWHLQHU
DFKW RGHU ]Z|OIHFNLJHQ 9HUELQGHQ 'LH %HVFKUlQNXQJ DXI 9LHUHFNH XQG 6HFKV
HFNHLVWMDQXUEHLGHQ(LQWULWWVDSHUWXUHQJHJHEHQGDPDQPLWGLHVHQGLH)RNDO
HEHQHOFNHQORVEHGHFNHQN|QQHQPX
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

,P 5DKPHQ GLHVHU $UEHLW ZXUGHQ 5HIOHNWRUHQ PLW YLHU E]Z VHFKVHFNLJHQ
$SHUWXUHQXQWHUVXFKW%HL GHQ VHFKVHFNLJHQ)RUPHQZXUGHQ5HIOHNWRUHQXQWHU
VXFKWGLHHQWZHGHUQXUDXV$SHUWXUHQGHV9RGHU+7\SVDXIJHEDXW VLQGRGHU
EHL GHQHQ EHLGH 7\SHQ VLFK DEZHFKVHOQ 'LH $Q]DKO GHU 6HJPHQWH ZXUGH DXI
PD[LPDOGUHLEHVFKUlQNW
(QWVSUHFKHQGGHQGUHL*UXQGIRUPHQIUGLH5HIOHNWRUHQPLWJODWWHU2EHUIOl
FKHZXUGHQGLHRSWLPLHUWHQ.HQQOLQLHQXQWHUGUHLYHUVFKLHGHQHQ9RUDXVVHW]XQ
JHQHUPLWWHOW
D (LQH GHU URWDWLRQVV\PPHWULVFKHQ )RUP HQWVSUHFKHQGH PLW (LQ VRZLH $XV
WULWWVDSHUWXULQ)RUPUHJHOPlLJHU3RO\JRQH
EHLQH DV\PPHWULVFKH )RUP PLW (LQWULWWVDSHUWXU LQ GHU )RUP HLQHV XQUHJHO
PlLJHQXQGGHU$XVWULWWVDSHUWXULQ)RUPHLQHVUHJHOPlLJHQ3RO\JRQV
F HLQH DV\PPHWULVFKH )RUP PLW (LQ XQG $XVWULWWVDSHUWXU LQ )RUP XQUHJHO
PlLJHU3RO\JRQH
=ZHLGHURSWLPLHUWHQ5HIOHNWRUHQVLQGLQ$EELOGXQJGDUJHVWHOOW
 
$EELOGXQJ=ZHL5HIOHNWRUHQDXVHEHQHQ)DFHWWHQ/LQNVHLQ5HIOHNWRUPLWXQUHJHOPlLJHU
(LQXQGUHJHOPlLJHU$XVWULWWVDSHUWXUGHUDXVVHFKVHFNLJHQ$SHUWXUHQGHV+7\SVDXIJHEDXWLVW
(U LVWDXVYLHU WUDSH]I|UPLJHQXQGVHFK]HKQGUHLHFNLJHQ)DFHWWHQ]XVDPPHQJHVHW]W5HFKWVHLQ
5HIOHNWRUPLW UHFKWHFNLJHU(LQXQG$XVWULWWVDSHUWXU GHUDXV UHFKWHFNLJHQ$SHUWXUHQDXIJHEDXW
LVW (U EHVWHKW DXV DFKW WUDSH]I|UPLJHQ )DFHWWHQ %HLGH5HIOHNWRUHQ EHVWHKHQ DXV ]ZHL D[LDOHQ
6HJPHQWHQ
3.4.5 Kennlinien für die Reflektoren aus ebenen Facetten 
$EELOGXQJ  ]HLJW GLH .HQQOLQLHQ IU 5HIOHNWRUHQ PLW UHFKWHFNLJHQ XQG
VHFKVHFNLJHQ$SHUWXUHQ'LHQXUDXV$SHUWXUHQGHV+7\SVDXIJHEDXWH)RUPKDW
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

VLFK EHL GHQ5HIOHNWRUHQPLW VHFKVHFNLJHQ$SHUWXUHQ GXUFKJlQJLJ DOV GLH EHVWH
KHUDXVJHVWHOOW$XV*UQGHQGHUhEHUVLFKWOLFKNHLWZLUGGLHVHKLHUDOVHLQ]LJHGDU
JHVWHOOW$XHUGHPZHUGHQQXU(UJHEQLVVHIU5HIOHNWRUHQPLW]ZHLD[LDOHQ6HJ
PHQWHQ YHUZHQGHW (LQH JHQDXHUH 'DUVWHOOXQJ GHU YHUVFKLHGHQHQ XQWHUVXFKWHQ
)RUPHQXQGLKUHU.HQQOLQLHQLVWLQ7LPLQJHU:DOWKHU]XILQGHQ
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
$EELOGXQJ.HQQOLQLHQIU5HIOHNWRUHQDXVHEHQHQ)DFHWWHQPLWUHFKWHFNLJHQ'UHLHFNHXQG
VHFKVHFNLJHQ4XDGUDWH$SHUWXUHQYRP+7\SV$EELOGXQJ(VVLQGGLH:HUWHIU5HIOHN
WRUHQPLW D UHJHOPlLJHU(LQXQG$XVWULWWVDSHUWXU EXQUHJHOPlLJHU(LQXQGUHJHOPlLJHU
$XVWULWWVDSHUWXUXQGFXQUHJHOPlLJHU(LQXQG$XVWULWWVDSHUWXUGDUJHVWHOOW'LH.HQQOLQLHQIU
5HIOHNWRUHQPLWVHFKVHFNLJHQXQGUHFKWHFNLJHQ$SHUWXUHQIU.RQ]HSW FYHUODXIHQLP5DKPHQ
GHUQXPHULVFKHQ)HKOHUGHFNXQJVJOHLFK'HVKDOE LVWQXUGLH.HQQOLQLH IUGLHUHFKWHFNLJHQ5H
IOHNWRUHQGDUJHVWHOOW
)ROJHQGH(UNHQQWQLVVHVLQGDXVGHQ.HQQOLQLHQ]XJHZLQQHQ
• 'LH )RUPHQPLW XQUHJHOPlLJHQ $SHUWXUHQ EF HUUHLFKHQ GHXWOLFK EHVVHUH
(UJHEQLVVH DOV GLHPLW UHJHOPlLJHQ $SHUWXUHQ D 'LHV HQWVSULFKW GHQ (U
JHEQLVVHQIUGLH5HIOHNWRUHQPLWJODWWHU2EHUIOlFKH
• 'LH)RUPPLWXQUHJHOPlLJHU(LQXQG$XVWULWWVDSHUWXU F HU]LHOWGHXWOLFKH
9HUEHVVHUXQJHQ JHJHQEHU GHU )RUP PLW XQUHJHOPlLJHU (LQ XQG UHJHO
PlLJHU $XVWULWWVDSHUWXU E 'LHV HQWVSULFKW QLFKW GHQ (UJHEQLVVHQ IU GLH
5HIOHNWRUHQPLW JODWWHU2EHUIOlFKH ZR GHU ]XVlW]OLFKH )UHLKHLWVJUDG GHU H[
]HQWULVFKHQ$XVWULWWVDSHUWXUQDKH]XNHLQHQ9RUWHLOHLQEULQJW
• 'LH)RUPFPLWXQUHJHOPlLJHU(LQXQG$XVWULWWVDSHUWXULVWKLHUIUVHFKV
HFNLJHQ$SHUWXUHQQLFKWGDUJHVWHOOW6LHNRQQWHLQGHU2SWLPLHUXQJDQNHLQHP
3XQNWGHU.HQQOLQLHVLJQLILNDQWEHVVHUH(UJHEQLVVHHUUHLFKHQDOVGLHHQWVSUH
FKHQGH)RUPPLWUHFKWHFNLJHQ$SHUWXUHQ'LHEHVWHQJHIXQGHQHQ3XQNWHKD
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

EHQLKUHUVHLWVUHFKWHFNLJH$SHUWXUHQGLHDOV8QWHUPHQJHLQGHQVHFKVHFNLJHQ
GHV +7\SV HQWKDOWHQ VLQG 'HU ]XVlW]OLFKH )UHLKHLWVJUDG GHU 6HFKVHFNH JH
JHQEHUGHQ5HFKWHFNHQZLUGLQGLHVHP)DOODOVRQLFKWJHQXW]W
• 9RQGHQ5HIOHNWRUHQPLWUHJHOPlLJHU(LQZLH$XVWULWWVDSHUWXUHUUHLFKHQGLH
PLWVHFKVHFNLJHU$SHUWXUJHULQJIJLJEHVVHUH(UJHEQLVVHDOVGLHPLWUHFKWHFNL
JHQTXDGUDWLVFKHU$SHUWXUHQ
• %HLGHQ5HIOHNWRUHQPLWXQUHJHOPlLJHU(LQXQGUHJHOPlLJHU$XVWULWWVDSHU
WXU E HUUHLFKHQ GLHPLW UHFKWHFNLJHQ $SHUWXUHQ JHULQJIJLJ EHVVHUH (UJHE
QLVVHDOVGLHPLWVHFKVHFNLJHQ$SHUWXUHQ
• 'LHPD[LPDOHQ9HUEHVVHUXQJHQLQGHU.RQ]HQWUDWLRQEHL7UDQVPLVVLRQ
IUGLHXQUHJHOPlLJHQ)RUPHQYHUJOLFKHQPLWGHQUHJHOPlLJHQ)RUPHQEH
WUDJHQEE]ZFUHODWLY
'LHVHPLW XQUHJHOPlLJHQ5HIOHNWRUHQ LP9HUJOHLFK ]X UHJHOPlLJHQ HU]LHO
EDUHQ 9HUEHVVHUXQJHQ VLQG GHXWOLFK K|KHU DOV EHL GHQ 5HIOHNWRUHQ PLW JODWWHU
2EHUIOlFKH 'LHV KDW ]ZHL 8UVDFKHQ (LQHUVHLWV HUUHLFKW GLH URWDWLRQVV\PPHWUL
VFKHJODWWH)RUPHWZDVK|KHUH.RQ]HQWUDWLRQHQEHLJOHLFKHU7UDQVPLVVLRQDOVGLH
UHJHOPlLJHQ )RUPHQ PLW IDFHWWLHUWHU 2EHUIOlFKH  UHODWLYH .RQ]HQWUDWLRQ
LP 9HUJOHLFK ]X  EHL  7UDQVPLVVLRQ $QGHUHUVHLWV HUUHLFKHQ GLH
UHFKWHF""NLJHQ )RUPHQ PLW XQUHJHOPlLJHU (LQ XQG $XVWULWWVDSHUWXU GHXWOLFK
EHVVHUH (UJHEQLVVH DOV GLH JODWWHQ )RUPHQ PLW H[]HQWULVFKHU (LQ XQG
$XVWULWWVDSHUWXU  UHODWLYH .RQ]HQWUDWLRQ LP 9HUJOHLFK ]X  EHL 
7UDQVPLVVLRQ 'LH IDFHWWLHUWHQ )RUPHQ VLQG LQ GLHVHP )DOO DOVR GHQ JODWWHQ
EHUOHJHQ
3KlQRPHQRORJLVFK lKQHOQ GLH LQ GHU 2SWLPLHUXQJ JHIXQGHQHQ 5HIOHNWRUHQ
GHQHQ PLW JODWWHU 2EHUIOlFKH DXV GHP YRULJHQ $EVFKQLWW 'LH 5HIOHNWRUHQ PLW
XQUHJHOPlLJHU(LQXQGUHJHOPlLJHU$XVWULWWVDSHUWXUKDEHQHLQHLQ1RUG6G
5LFKWXQJDXVJHGHKQWH(LQWULWWVDSHUWXU%HLGHQ5HIOHNWRUHQPLWXQUHJHOPlLJHU
(LQ XQG $XVWULWWVDSHUWXU VLQG EHLGH $SHUWXUHQ GHXWOLFK LQ 2VW:HVW5LFKWXQJ
DXVJHGHKQW$EELOGXQJ'LHVHOEH%HREDFKWXQJNDQQPDQEHLGHQ5HIOHNWR
UHQPLWJODWWHU2EHUIOlFKHPDFKHQ$EELOGXQJ
3.4.6 Ansatz für einen Reflektor aus eindimensional gekrümmten Ele-
menten 
'LH LP OHW]WHQ$EVFKQLWW YRUJHVWHOOWHQ5HIOHNWRUHQPLW UHFKWHFNLJHU(LQXQG
$XVWULWWVDSHUWXU VLQG GHQ YRUKHU EHKDQGHOWHQ JODWWHQ )RUPHQ PLW HOOLSWLVFKHQ
$SHUWXUHQGHXWOLFKEHUOHJHQ'LH$XIWHLOXQJ LQ)DFHWWHQHQWODQJGHURSWLVFKHQ
$FKVH VFKHLQW MHGRFKYRQ1DFKWHLO]XVHLQ'LHVZLUGYRQGHU7DWVDFKHQDKHJH
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

OHJW GDGLH(UJHEQLVVH EHVVHUZHUGHQ MHPHKU6HJPHQWH DOVR8QWHUWHLOXQJHQ
HQWODQJGHURSWLVFKHQ$FKVHPDQ]XOlW:DOWKHU'HU*UHQ]IDOOYRQXQ
HQGOLFKYLHOHQD[LDOHQ6HJPHQWHQIKUW]XHLQGLPHQVLRQDOJHNUPPWHQ)OlFKHQ
XQG NDQQ ZLH LQ $EVFKQLWW  GDUJHVWHOOW GHXWOLFKH 9HUEHVVHUXQJHQ LP 9HU
JOHLFK]XIODFKHQ)DFHWWHQHU]LHOHQ
$EELOGXQJ  ]HLJW HLQHQ 5HIOHNWRU DXV HLQGLPHQVLRQDO JHNUPPWHQ )Ol
FKHQPLWUHFKWHFNLJHU(LQXQG$XVWULWWVDSHUWXU-HGHU6FKQLWWGHV5HIOHNWRUVPLW
HLQHU (EHQH VHQNUHFKW ]XU RSWLVFKHQ $FKVH LVW HLQ 5HFKWHFN 'DV 3URILO GHU
.UPPXQJZLUG LQ HLQHU(EHQH VHQNUHFKW ]XU.DQWH HLQHV VROFKHQ5HFKWHFNHV
DOV 3DUDEHO EHVFKULHEHQ8PGHU REHQEHVFKULHEHQHQ2VW:HVW XQG1RUG6G
6\PPHWULH ]X JHQJHQ KDEHQ JHJHQEHUOLHJHQGH )OlFKHQ GDV JOHLFKH .UP
PXQJVSURILO

$EELOGXQJ  6HNXQGlUUHIOHNWRU DXV HLQGLPHQVLRQDO JHNUPPWHQ )OlFKHQ PLW UHFKWHFNLJHU
(LQXQG$XVWULWWVDSHUWXU0DQHUNHQQWGLHHLQGLPHQVLRQDOH.UPPXQJ)DFHWWHQGHV5HIOHNWRUV
3.4.7 Ergebnisse für Reflektoren aus eindimensional gekrümmten Ele-
menten 
$EELOGXQJ]HLJWGLH.HQQOLQLHQ IU5HIOHNWRUHQDXVHLQGLPHQVLRQDO JH
NUPPWHQ (OHPHQWHQ PLW UHFKWHFNLJHQ $SHUWXUHQ 0DQ NDQQ IROJHQGH (UJHE
QLVVHDEOHVHQ
• 'LH.HQQOLQLHQ IU GLH XQUHJHOPlLJHQ )RUPHQ E F OLHJHQ GHXWOLFK REHU
KDOEGHU.HQQOLQLHIUGLHUHJHOPlLJH)RUPD
5HIOHNWRUHQIUGHQ]HQWUDOHQ%HUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

• 'LH UHODWLYHQ 9HUEHVVHUXQJHQ LQ GHU .RQ]HQWUDWLRQ IU GLH DV\PPHWULVFKHQ
)RUPHQJHJHQEHUGHQV\PPHWULVFKHQEHWUDJHQKLHU EE]ZF
EHL7UDQVPLVVLRQ
'LHVLVWGLHGHXWOLFKVWH9HUEHVVHUXQJDOOHUELVKHUYRUJHVWHOOWHU.RQ]HSWH
0,30 0,35 0,40 0,45 0,50 0,55 0,60 0,65 0,70 0,75 0,80 0,85
0,60
0,65
0,70
0,75
0,80
0,85
0,90
0,95
1,00
(c)
(b)
(a)
 
relative Konzentration Crel
T
ra
ns
m
is
si
on
 τ

$EELOGXQJ  .HQQOLQLHQ IU 5HIOHNWRUHQ DXV HLQGLPHQVLRQDO JHNUPPWHQ (OHPHQWHQ PLW
UHFKWHFNLJHQ $SHUWXUHQ D 5HJHOPlLJH TXDGUDWLVFKH (LQ XQG $XVWULWWVDSHUWXU E XQUHJHO
PlLJH(LQXQGUHJHOPlLJH$XVWULWWVDSHUWXUFXQUHJHOPlLJH(LQXQG$XVWULWWVDSHUWXU
3.4.8 Vergleich der verschiedenen Reflektorformen  
)ROJHQGHQ.RQ]HSWHYRQ6HNXQGlUUHIOHNWRUHQIU6WUDKOXQJDXVHLQHPHOOLS
WLVFKHQ5LFKWXQJVUDXPZXUGHQDQKDQGYRQ6WUDKOXQJLP=HQWUXPGHU=LHODSHU
WXUHLQHVH[SHULPHQWHOOHQ+HOLRVWDWHQIHOGHVRSWLPLHUWXQGYHUJOLFKHQ
• 5HIOHNWRUHQPLWJODWWHU2EHUIOlFKHXQGHOOLSWLVFKHQ4XHUVFKQLWW
• 5HIOHNWRUHQDXV HEHQHQ)DFHWWHQPLW VHFKVHFNLJHQXQG UHFKWHFNLJHQ$SHUWX
UHQ
• 5HIOHNWRUHQ DXV HLQGLPHQVLRQDO JHNUPPWHQ (OHPHQWHQ PLW UHFKWHFNLJHP
4XHUVFKQLWW
'LH 5HIOHNWRUHQPLW JODWWHU 2EHUIOlFKH HLJQHQ VLFK QLFKW ]XU SDUDOOHOHQ$Q
RUGQXQJLQGHU=LHODSHUWXUGHV+HOLRVWDWHQIHOGHV3DUNHWWLHUXQJ6LHZXUGHQKLHU
YRU DOOHP]XU3RWHQWLDODEVFKlW]XQJEHWUDFKWHW'LHVHU5ROOHZHUGHQ VLHQXU IU
GLH URWDWLRQVV\PPHWULVFKHQ E]Z UHJHOPlLJHQ )RUPHQ D JHUHFKW GD EHL GHQ
XQUHJHOPlLJHQ5HIOHNWRUHQGLHPLWUHFKWHFNLJHP4XHUVFKQLWWHUKHEOLFKEHVVHUH
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

(UJHEQLVVHHU]LHOHQ'LHV]HLJWGHUGLUHNWH9HUJOHLFKGHU.RQ]HSWHXQG)RUPHQLQ
$EELOGXQJ%HLGHQXQUHJHOPlLJHQE]ZH[]HQWULVFKHQ5HIOHNWRUIRUPHQE
FZHUGHQGLHEHVWHQ(UJHEQLVVHMHZHLOVYRQGHQ5HIOHNWRUHQDXVHLQGLPHQVLRQDO
JHNUPPWHQ)DFHWWHQPLW UHFKWHFNLJHP4XHUVFKQLWW HU]LHOW'LH.HQQOLQLHQ IU
5HIOHNWRUHQPLWVHFKVHFNLJHQ$SHUWXUHQVLQGKLHUGHUhEHUVLFKWKDOEHUQLFKWGDU
JHVWHOOW6LHZHUGHQYRQGHQ.HQQOLQLHQIU5HIOHNWRUHQPLWUHFKWHFNLJHP4XHU
VFKQLWWEHUWURIIHQ
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$EELOGXQJ.HQQOLQLHQIUYHUVFKLHGHQH5HIOHNWRUIRUPHQ5HIOHNWRUHQPLWJODWWHU2EHUIOlFKH
.UHLVH 5HIOHNWRUHQ DXV HEHQHQ )DFHWWHQPLW UHFKWHFNLJHP4XHUVFKQLWW XQG ]ZHL D[LDOHQ 6HJ
PHQWHQ4XDGUDWHXQG5HIOHNWRUHQDXVHLQGLPHQVLRQDOJHNUPPWHQ)DFHWWHQPLWUHFKWHFNLJHP
4XHUVFKQLWW 'LDPDQWHQ (V VLQG GUHL .RQ]HSWH GDUJHVWHOOW D UHJHOPlLJH E]Z NUHLVI|UPLJH
(LQXQG$XVWULWWVDSHUWXUEXQUHJHOPlLJHE]ZH[]HQWULVFKH(LQXQGUHJHOPlLJHE]ZNUHLV
I|UPLJH$XVWULWWVDSHUWXU FXQUHJHOPlLJHE]ZH[]HQWULVFKH(LQXQG$XVWULWWVDSHUWXU)UGLH
5HIOHNWRUHQPLW JODWWHU 2EHUIOlFKH XQG HOOLSWLVFKHQ4XHUVFKQLWWHQ VLQG GLH .HQQOLQLHQ IU GLH
.RQ]HSWHEXQGFIDVWGHFNXQJVJOHLFK
)U GHQ KLHU EHKDQGHOWHQ )DOO GHV ¥DQJHQlKHUWHQ¥ H[SHULPHQWHOOHQ+HOLR
VWDWHQIHOGHV NDQQGLH.RQ]HQWUDWLRQ LQ GHU$XVWULWWVDSHUWXUGXUFK9HUZHQGXQJ
HLQHVQLFKW UHJHOPlLJHQ5HIOHNWRUVEHL7UDQVPLVVLRQXPJHVWHLJHUW
ZHUGHQ
'HU5HIOHNWRUGHUGLHVH9HUEHVVHUXQJHUUHLFKWKDWHLQH ODQJJH]RJHQH UHFKW
HFNLJH$XVWULWWVDSHUWXU V$EELOGXQJUHFKWV(U LVWGHVZHJHQQLFKWJXWIU
YRUOLHJHQGH .RQ]HSWH YRQ +RFKGUXFN$EVRUEHUQ JHHLJQHW GLH GLH 6WUDKOXQJ
GXUFK HLQ)HQVWHUPLW NUHLVUXQGHU$SHUWXU HLQWUHWHQ ODVVHQ:HQQGLHVHGLH JH
VDPWH 6WUDKOXQJ DXV GHU UHFKWHFNLJHQ $SHUWXU GHV 5HIOHNWRUV DXIQHKPHQ VROO
HQWVWHKHQJURHQLFKWDXVJHOHXFKWHWH%HUHLFKHGLHJHJHQ9HUOXVWHGXUFK$EVWUDK
5HIOHNWRUHQIUKRPRJHQH6WUDKOXQJDXVHLQHPHOOLSWLVFKHQ5LFKWXQJVEHUHLFK

OXQJXQG:lUPHOHLWXQJLVROLHUWZHUGHQPVVHQV$EELOGXQJ'DVVHOEHJLOW
LQ DEJHVFKZlFKWHU)RUPDXFK IU GLH5HIOHNWRUHQPLW UHJHOPlLJ UHFKWHFNLJHU
DOVR TXDGUDWLVFKHU $XVWULWWVDSHUWXU 'LH 9HUOXVWIOlFKH EHWUlJW LQ GLHVHP )DOO
 'LH (QWZLFNOXQJ OHLVWXQJVIlKLJHU ,VRODWLRQVNRQ]HSWH RGHU QHXHU )HQVWHU
JHRPHWULHQZLUG GHQ SUDNWLVFKHQ1XW]HQ GHV9RUWHLOV GHU YRUJHVWHOOWHQXQUHJHO
PlLJHQ5HIOHNWRUIRUPHQHQWVFKHLGHQGEHHLQIOXVVHQ

$EELOGXQJ  :HQQ 6WUDKOXQJ YRQ HLQHU UHFKWHFNLJHQ RGHU TXDGUDWLVFKHQ $XVWULWWVDSHUWXU
HLQHV5HIOHNWRUVDQGLHNUHLVI|UPLJH(LQWULWWVDSHUWXUHLQHV$EVRUEHUVEHUJHEHQZLUGHQWVWHKHQ
DXI GHU$EVRUEHUHLQWULWWVDSHUWXUQLFKW DXVJHOHXFKWHWH%HUHLFKH JUDX GLH JHJHQ9HUOXVWHGXUFK
$EVWUDKOXQJXQG:lUPHOHLWXQJLVROLHUWZHUGHQPVVHQ
3.5 Reflektoren für homogene Strahlung aus einem ellipti-
schen Richtungsbereich 
'LH LQ$EVFKQLWW  YRUJHVWHOOWHQ 6HNXQGlUUHIOHNWRUHQ IU GDV=HQWUXPGHU
)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHVVLQGIU6WUDKOXQJHQWZRUIHQGLHDXVHLQHP
5LFKWXQJVNHJHOPLW]ZHLYHUVFKLHGHQHQgIIQXQJVZLQNHOQDXILKUH(LQJDQJVDSHU
WXUIlOOW$XIGLHLQKRPRJHQH9HUWHLOXQJGHUHLQIDOOHQGHQ6WUDKOXQJLP2UWVUDXP
ZXUGHEHLP(QWZXUIGHU5HIOHNWRUHQNHLQH5FNVLFKWJHQRPPHQEHLGHQ6WUDKO
YHUIROJXQJVUHFKQXQJHQQDWUOLFKVHKUZRKO
'LH5HIOHNWRUHQKDEHQ VLFK IUGLH6WUDKOXQJGHV+HOLRVWDWHQIHOGHVDP:,6
DOV VHKUJXW JHHLJQHW HUZLHVHQ8PGLHVH$QSDVVXQJVIlKLJNHLWDQGLH]XU9HUI
JXQJ JHVWHOOWH 6WUDKOXQJ DXI HLQHU DOOJHPHLQHUHQ %DVLV ]X EHUSUIHQ ZXUGHQ
GLH 5HIOHNWRUHQ PLW UHFKWHFNLJHP 4XHUVFKQLWW IU XQWHUVFKLHGOLFKH 6WUDKOXQJV
YHUKlOWQLVVHRSWLPLHUW
3.5.1 Die Einstrahlung 
'LH LP IROJHQGHQ EHWUDFKWHWH (LQVWUDKOXQJ LVW EHU GLH(LQWULWWVDSHUWXU GHU
5HIOHNWRUHQKRPRJHQYHUWHLOW,P5LFKWXQJVUDXPIOOWGLH6WUDKOXQJHLQH(OOLSVH
KRPRJHQDXV'LH)OlFKHGLHVHU(OOLSVHXQGGHUHQ([]HQWUL]LWlWZXUGHQYDULLHUW
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

'LH+DOEDFKVHQ GHU(OOLSVH HQWVSUHFKHQGHQ 6LQXV GHU KDOEHQgIIQXQJVZLQNHO
GHU 6WUDKOXQJVNHJHO DXI MHGHP 3XQNW GHU $SHUWXU sinθx XQG sinθy $EELOGXQJ
)UGLHPD[LPDOHUUHLFKEDUH.RQ]HQWUDWLRQIUGLHVH6WUDKOXQJJLOWDOVR

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
$EELOGXQJ  'LH 6WUDKOXQJ NRPPW DXV HLQHP5LFKWXQJVNHJHOPLW YHUVFKLHGHQHQgIIQXQJV
ZLQNHOQ,P5LFKWXQJVUDXPIOOWGLH6WUDKOXQJHLQH(OOLSVHPLW+DOEDFKVHQsinθxXQGsinθyDXV
'LH5LFKWXQJVH[]HQWUL]LWlW yx θθ=ε sinsin ZXUGHXQWHUGHQ:HUWHQ
XQG  YDULLHUW 'LH KDOEHQPLWWOHUHQ gIIQXQJVZLQNHO yx θ⋅θ=θ sinsin  GHU
6WUDKOXQJVNHJHOEHWUDJHQXQG'LHEHWUDFKWHWHQ:HUWH
IUCmaxEHWUDJHQGHPHQWVSUHFKHQGXQG
3.5.2 Reflektorformen 
,P IROJHQGHQ ZHUGHQ (UJHEQLVVH IU 5HIOHNWRUHQ PLW UHFKWHFNLJHP 4XHU
VFKQLWW GDUJHVWHOOW GLH DXV HLQGLPHQVLRQDO JHNUPPWHQ )DFHWWHQ ]XVDPPHQJH
VHW]WVLQG'LHHEHQIDOOVEHUHFKQHWHQ)RUPHQDXVHEHQHQ)DFHWWHQHUUHLFKHQEHL
JOHLFKHU .RQ]HQWUDWLRQ GHXWOLFK JHULQJHUH 7UDQVPLVVLRQVZHUWH XQG ZHUGHQ DXV
*UQGHQGHUhEHUVLFKWKLHUQLFKWZHLWHUGDUJHVWHOOW
)U6WUDKOXQJPLW5LFKWXQJVH[]HQWUL]LWlWZXUGHQ5HIOHNWRUHQPLWTXDGUD
WLVFKHU(LQXQG$XVWULWWVDSHUWXUYHUZHQGHW)U5LFKWXQJVH[]HQWULWlWHQJU|HU
ZXUGHQ 5HIOHNWRUHQ PLW UHFKWHFNLJHU (LQ XQG TXDGUDWLVFKHU RGHU UHFKWHFNLJHU
$XVWULWWVDSHUWXUEHWUDFKWHW'LHTXDGUDWLVFKHQ$XVWULWWVDSHUWXUHQODVVHQVLFKEHV
VHUDQ$EVRUEHUPLWNUHLVI|UPLJHU(LQWULWWVDSHUWXUDQSDVVHQDOVUHFKWHFNLJH
)UGLHKLHUEHKDQGHOWH(LQVWUDKOXQJZXUGHQELVKHUYRQYHUVFKLHGHQHU6HLWH
5HIOHNWRUHQPLWTXDGUDWLVFKHQRGHUUHFKWHFNLJHQ$SHUWXUHQYRUJHVFKODJHQ5DEO
0ROOHGR%UXQRWWH%UXQRWWH'LHVH5HIOHNWRUHQVLQGDOV
JHNUHX]WH &3&5HIOHNWRUHQ DXIJHEDXW GLH )DFHWWHQ KDEHQ DOVR GDV 3URILO HLQHV
5HIOHNWRUHQIUKRPRJHQH6WUDKOXQJDXVHLQHPHOOLSWLVFKHQ5LFKWXQJVEHUHLFK

]ZHLGLPHQVLRQDOHQ&3&5HIOHNWRUV V$EVFKQLWW)U5LFKWXQJVH[]HQWULWl
WHQJU|HUZHUGHQ]ZHLYHUVFKLHGHQH&3&3URILOHPLWXQWHUVFKLHGOLFKHPQRPL
QHOOHQgIIQXQJVZLQNHOEHQ|WLJWGLHXQWHUVFKLHGOLFKODQJVLQG'DVOlQJHUHZLUG
GDQQDXIGHU6HLWHGHU(LQWULWWVDSHUWXUHQWVSUHFKHQGJHNU]W'LHVH5HIOHNWRUHQ
VLQGZHGHULQLKUHU)RUPRSWLPLHUWQRFKZXUGHQ.HQQOLQLHQEHUHFKQHW(VZHU
GHQDXFKGHXWOLFKJHULQJHUH7UDQVPLVVLRQVZHUWHHUUHLFKWDOVEHLGHQKLHUYRUJH
VWHOOWHQRSWLPLHUWHQ)RUPHQ
3.5.3 Ergebnisse 
$EELOGXQJ XQG$EELOGXQJ  ]HLJHQGLH.HQQOLQLHQVFKDUHQ IU ]ZHL
YHUVFKLHGHQH PLWWOHUH gIIQXQJVZLQNHO XQG YHUVFKLHGHQH 5LFKWXQJVH[]HQWUL]LWl
WHQ
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12°
 
 ε=1, quadrat.->quadrat.
 ε=2, rechteck.->rechteck.
 ε=3, rechteck.->rechteck.
 ε=2, rechteck.->quadrat.
 ε=3, rechteck.->quadrat.

$EELOGXQJ.HQQOLQLHQVFKDUHQIU5HIOHNWRUHQDXVHLQGLPHQVLRQDOSDUDEROLVFKJHNUPPWHQ
)DFHWWHQ IU6WUDKOXQJPLWNRQVWDQWHQPLWWOHUHQgIIQXQJVZLQNHOθ! )UURWDWLRQVV\P
PHWULVFKH6WUDKOXQJ ε ZXUGHQ5HIOHNWRUHQPLWTXDGUDWLVFKHU(LQXQG$XVWULWWVDSHUWXURS
WLPLHUW )U 6WUDKOXQJ PLW DV\PPHWULVFKHU 9HUWHLOXQJ LP 5LFKWXQJVUDXP ε! ZXUGHQ
5HIOHNWRUHQPLW UHFKWHFNLJHU (LQ XQG $XVWULWWVDSHUWXU VRZLH 5HIOHNWRUHQPLW UHFKWHFNLJHU (LQ
XQGTXDGUDWLVFKHU$XVWULWWVDSHUWXURSWLPLHUW
(UJHEQLVVH6HNXQGlUUHIOHNWRUHQIU6RODUWXUPNUDIWZHUNH

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 ε=1, quadrat.->quadrat.
 ε=2, rechteck.->rechteck.
 ε=3, rechteck.->rechteck.
 ε=2, rechteck.->quadrat.
 ε=3, rechteck.->quadrat.

$EELOGXQJ:LH$EELOGXQJPLWθ! 
,P9HUJOHLFKGHU.HQQOLQLHQIDOOHQIROJHQGH5HJHOPlLJNHLWHQDXI
• 'LH HUUHLFKEDUH 7UDQVPLVVLRQ EHL JOHLFKHU UHODWLYHU.RQ]HQWUDWLRQ VLQNWPLW
DEQHKPHQGHP PLWWOHUHQ gIIQXQJVZLQNHO GHU 6WUDKOXQJ (LQ NOHLQHUHU gII
QXQJVZLQNHOEHGHXWHW HLQHQK|KHUHQ:HUW IUCmax XQGGDPLW LPDOOJHPHL
QHQ DXFK HLQH K|KHUH $Q]DKO YRQ 5HIOH[LRQHQ SUR 6WUDKO 5DEO 
<HKH]HNHO  'DGXUFK NRPPHQ K|KHUH 9HUOXVWH GXUFK QLFKW SHUIHNWH
5HIOHNWLYLWlW]XVWDQGH
• 'LH 5HIOHNWRUHQ PLW TXDGUDWLVFKHU $XVWULWWVDSHUWXU HUUHLFKHQ EHL H[]HQWUL
VFKHU6WUDKOXQJGHXWOLFKJHULQJHUH7UDQVPLVVLRQDOVGLH5HIOHNWRUHQPLWUHFKW
HFNLJHU $XVWULWWVDSHUWXU 'LHVH %HREDFKWXQJ HQWVSULFKW GHQ (UJHEQLVVHQ IU
GLH6WUDKOXQJGHV+HOLRVWDWHQIHOGHVDP:,6$EVFKQLWW
• )UGLH5HIOHNWRUHQPLWTXDGUDWLVFKHU$XVWULWWVDSHUWXUVLQNWGLH7UDQVPLVVLRQ
PLW ]XQHKPHQGHU ([]HQWUL]LWlW GHU 6WUDKOXQJ 'LHV JLOW XQDEKlQJLJ YRP
PLWWOHUHQgIIQXQJVZLQNHO
• (LQHYHUJOHLFKEDUH$XVVDJH IU5HIOHNWRUHQPLW UHFKWHFNLJHU$XVWULWWVDSHUWXU
OlWVLFKQLFKWWUHIIHQ)UNOHLQHUHPLWWOHUHgIIQXQJVZLQNHOVLQNWGLH7UDQV
PLVVLRQ PLW ]XQHKPHQGHU 5LFKWXQJVH[]HQWUL]LWlW IU JU|HUH PLWWOHUH gII
QXQJVZLQNHO VWHLJW GLH 7UDQVPLVVLRQ PLW ]XQHKPHQGHU
5LFKWXQJVH[]HQWUL]LWlW
)U GLH 5HIOHNWRUHQ PLW UHFKWHFNLJHU $XVWULWWVDSHUWXU EHWUDJHQ GLH 8QWHU
VFKLHGH LQGHU7UDQVPLVVLRQIUYHUVFKLHGHQH5LFKWXQJVH[]HQWUL]LWlWHQPD[LPDO
 DEVROXW %H]LHKW PDQ QRFK GLH XQHLQKHLWOLFKH $EKlQJLJNHLW YRQ GHU 5LFK
5HIOHNWRUHQIUKRPRJHQH6WUDKOXQJDXVHLQHPHOOLSWLVFKHQ5LFKWXQJVEHUHLFK

WXQJVH[]HQWUL]LWlWHLQNRPPWPDQ]XGHP6FKOXGDGLH7UDQVPLVVLRQQlKH
UXQJVZHLVH XQDEKlQJLJ YRQ GHU 5LFKWXQJVH[]HQWUL]LWlW DQJHQRPPHQ ZHUGHQ
NDQQ/HW]WHUHNDQQIUGLH$QZHQGXQJIROJOLFKQDFKDQGHUHQ.ULWHULHQJHZlKOW
ZHUGHQ
:HQQPDQVLFKDXIHLQHTXDGUDWLVFKH$XVWULWWVDSHUWXUIHVWOHJWJLOWGLHVH$XV
VDJHQLFKW,QGLHVHP)DOOYHUOLHUWPDQPLW]XQHKPHQGHU5LFKWXQJVH[]HQWUL]LWlW
DQ7UDQVPLVVLRQ0DQPXDOVR LQGLHVHP)DOOEHLGHU$QZHQGXQJ HYHQWXHOOH
9RUWHLOH HLQHU4XHOOHPLW H[]HQWULVFKHU5LFKWXQJVFKDUDNWHULVWLN JHJHQ GLH UHVXO
WLHUHQGHQ9HUOXVWHEHLGHU7UDQVPLVVLRQDEZlJHQ



4 Messungen an einem Sekundärreflektor mit 
rechteckigem Querschnitt 
$P:,6ZXUGHHLQ5HIOHNWRUPLWUHFKWHFNLJHQ$SHUWXUHQDXVHEHQHQ)DFHWWHQDQ
JHIHUWLJW'HU(QWZXUIGLHVHV5HIOHNWRUVJLQJDXVGHQLP5DKPHQGLHVHU$UEHLWGXUFK
JHIKUWHQ2SWLPLHUXQJHQKHUYRU'LHLQGHQ$EVFKQLWWHQXQGYRUJHVWHOOWHQ
5HIOHNWRUHQVLQGIUGDV/DERULPQHXQWHQ6WRFNGHV7XUPHVDP+HOLRVWDWHQIHOGGHV
:,6DXVJHOHJW'LHVHU5HIOHNWRUZXUGHNRQVWUXLHUWXQGLQHLQHQ0HVWDQGLQGLHVHP
/DERU LQWHJULHUW $Q GLHVHP 5HIOHNWRU ZXUGHQ ]ZHL $UWHQ YRQ0HVVXQJHQ GXUFKJH
IKUW =LHO GHU0HVVXQJHQZDUHQ HLQHUVHLWV GLH 9HULIL]LHUXQJ GHU 6WUDKOYHUIROJXQJV
UHFKQXQJHQ$QGHUHUVHLWVVROOWHQGLH(LQIOVVHYRQ$EZHLFKXQJHQGHV5HIOHNWRUVYRQ
GHUYRUJHJHEHQHQ)RUPGDUJHVWHOOWXQGEHZHUWHWZHUGHQ
(LQHQHXDUWLJHRSWLVFKH0HPHWKRGHZXUGHLP5DKPHQGLHVHU$UEHLWHQWZLFNHOW
0LW IRWRJUDILVFKHQ$XIQDKPHQ NDQQPDQGLH7UDQVPLVVRQGXUFK HLQHQQLFKWDEELO
GHQGHQ5HIOHNWRUPLWYLHUGLPHQVLRQDOHU$XIO|VXQJHUPLWWHOQ+LHUIUZLUGGHUHLJHQW
OLFKH6WUDKOZHJXPJHNHKUWXQGHLQH/LFKWTXHOOHLQGLH$XVWULWWVDSHUWXUGHV5HIOHNWRUV
JHEUDFKW (LQ%HREDFKWHU VLHKW GDQQ GXUFK GLH(LQWULWWVDSHUWXU 6WUDKOXQJ GLHPLW
XPJHNHKUWHU5LFKWXQJYRQLKPDXFKGLH$XVWULWWVDSHUWXUHUUHLFKHQZUGH'LHHQWVWH
KHQGHQ 7UDQVPLVVLRQVPXVWHU N|QQHQ PLW 6WUDKOYHUIROJXQJVUHFKQXQJHQ YHUJOLFKHQ
ZHUGHQ
'LH RSWLVFKHQ0HVVXQJHQ ZXUGHQ DQ GHP5HIOHNWRU ZlKUHQG HLQHV $XIHQWKDOWV
DP:,6GXUFKJHIKUW'LH7UDQVPLVVLRQZXUGHYRP+HOLRVWDWHQIHOGDXVJHPHVVHQ,Q
.RPELQDWLRQ PLW 6WUDKOYHUIROJXQJVUHFKQXQJHQ NRQQWHQ GLH $EPHVVXQJHQ XQG GLH
$XVULFKWXQJGHV5HIOHNWRUV LPEHVWHKHQGHQ$XIEDXPLWKRKHU*HQDXLJNHLW UHSURGX
]LHUWE]ZEHVWLPPWZHUGHQ
$XHUGHPZXUGHQNDORULPHWULVFKH0HVVXQJHQ]XU%HVWLPPXQJGHU7UDQVPLVVLRQ
YRQ6WUDKOXQJYRQHLQ]HOQHQ+HOLRVWDWHQGXUFKJHIKUW'LH%HVWUDKOXQJVVWlUNHYHUWHL
OXQJDXIGHU(LQWULWWVDSHUWXUHEHQHGHV5HIOHNWRUVZXUGHPLW LP$XIEDX LQWHJULHUWHQ
5DGLRPHWHUQEHVWLPPWZREHLGDV%LOGGHU6RQQHVFKULWWZHLVHYHUIDKUHQZXUGH'LH
/HLVWXQJGHU6WUDKOXQJGLHGHQ5HIOHNWRUGXUFKGLH$XVWULWWVDSHUWXUYHUOlWZXUGHLQ
HLQHP.DORULPHWHUJHPHVVHQ'HU4XRWLHQWDXV6WUDKOXQJVOHLVWXQJDXIGHU(LQWULWWVD
SHUWXU XQG LP.DORULPHWHU DEVRUELHUWHU /HLVWXQJ EHVWLPPW GLH 7UDQVPLVVLRQ GXUFK
GHQ5HIOHNWRU'LHVHU:HUWNRQQWH IU IQI+HOLRVWDWHQPLWHLQHU UHODWLYHQ*HQDXLJ
NHLWYRQEHVWLPPWZHUGHQ'HUJURH)HKOHUUHVXOWLHUW LQHUVWHU/LQLHDXVHLQHU
QLFKW ]X UHSURGX]LHUHQGHQ 9HUlQGHUXQJ GHU %HVWUDKOXQJVVWlUNHYHUWHLOXQJ ZlKUHQG
GHU0HVVXQJDXIJUXQGGHU%HZHJXQJGHU6RQQHDP+LPPHO:HLWHUH)HKOHU VWDP
PHQ YRQ GHU .DOLEULHUXQJ GHU 5DGLRPHWHU XQG GHU 0HVVXQJ GHU 5HIOHNWLYLWlW GHU
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

6SLHJHO ,P 5DKPHQ GLHVHU )HKOHUJUHQ]HQ VWLPPHQ GLH JHPHVVHQHQ 7UDQVPLVVLRQV
ZHUWHEHIULHGLJHQGPLW6WUDKOYHUIROJXQJVUHFKQXQJHQEHUHLQ'LHKRKH*HQDXLJNHLW
GHURSWLVFKHQ0HVVXQJHQOlWVLFKPLWGHUNDORULPHWULVFKHQ0HWKRGHQLFKWHUUHLFKHQ
4.1 Der Reflektor 
4.1.1 Abmessungen des Reflektors 
'HU5HIOHNWRUKDW ]ZHL D[LDOH6HJPHQWHXQG UHFKWHFNLJH$SHUWXUHQ)ROJOLFK
LVW HU DXV DFKW WUDSH]I|UPLJHQ)DFHWWHQ ]XVDPPHQJHVHW]W'LH JHQDXHQ$EPHV
VXQJHQ GHU )DFHWWHQ VLQG (UJHEQLV GHU 2SWLPLHUXQJVUHFKQXQJHQ V $EVFKQLWW
 ,Q GHQ 6WUDKOYHUIROJXQJVUHFKQXQJHQ NDQQ HLQH 6SLHJHOIOlFKH DOV XQHQG
OLFK GQQ DQJHVHKHQ ZHUGHQ 'HVZHJHQ EH]LHKHQ VLFK GLH KLHU DQJHJHEHQHQ
0DHDOOHDXIGLH6SLHJHOREHUIOlFKH$EELOGXQJ]HLJWGHQ5HIOHNWRUVFKHPD
WLVFKXQGHUNOlUWGLH%H]HLFKQXQJHQGHU0DH
x 0
1x
2x
y 0
y 1
y 2
l1
l2

$EELOGXQJ$EPHVVXQJHQGHVUHFKWHFNLJHQ5HIOHNWRUV'HU,QGH[EH]LHKWVLFKDXIGLH(LQ
WULWWVDSHUWXU  DXI GLH =ZLVFKHQDSHUWXU XQG  DXI GLH $XVWULWWVDSHUWXU'LH \:HUWH JHEHQGLH
YHUWLNDOH$XVGHKQXQJGHU$SHUWXUHQDQGLH[:HUWHGLHKRUL]RQWDOHQ
,Q7DEHOOHVLQGGLH$EPHVVXQJHQGHV5HIOHNWRUVDXIJHOLVWHW,QGHUHUVWHQ
6SDOWHILQGHQVLFKGLH9RUJDEHZHUWHHQWVSUHFKHQGGHQ(UJHEQLVVHQGHU2SWLPLH
UXQJ'LH:HUWHGHU]ZHLWHQ6SDOWHVLQGDXVGHQ$EPHVVXQJHQGHUHLQ]HOQHQ)D
FHWWHQ EHUHFKQHW 'LHVH 0HVVXQJ ZXUGH YRUJHQRPPHQ EHYRU GHU 5HIOHNWRU
]XVDPPHQJHVHW]WZXUGH'LH:HUWHGHUGULWWHQ6SDOWHZXUGHQYRPIHUWLJ]XVDP
PHQJHVHW]WHQ5HIOHNWRU JHQRPPHQ'LH9RUJDEHQZXUGHQEHLGHU.RQVWUXNWLRQ
LQQHUKDOEHLQHU)HUWLJXQJVWROHUDQ]YRQPPZHLWJHKHQGHLQJHKDOWHQ'LH:HUWH
IUGLHD[LDOHQ/lQJHQGHU6HJPHQWHO

XQGO

O

ZHLFKHQMHGRFKGHXWOLFKYRQGHQ
9RUJDEHQDEZRKLQJHJHQGLH JHVDPWHD[LDOH/lQJHGHV5HIOHNWRUV O

ZLHGHUXP
'HU5HIOHNWRU

JXWPLWGHU9RUJDEHEHUHLQVWLPPW(LQH9HUZHFKVOXQJGHUD[LDOHQ/lQJHQGHU
HLQ]HOQHQ6HJPHQWHEHLGHU.RQVWUXNWLRQVFKHLQWQDKHOLHJHQG
 9RUJDEHQ 0HVVXQJGHUHLQ]HOQHQ
)DFHWWHQ(±0.5 mm)
0HVVXQJGHV]XVDP
PHQJHVHW]WHQ5HIOHNWRUV
(±0.2 mm)
x0   
y0   
x1   QLFKW]XJlQJOLFK
y1   QLFKW]XJlQJOLFK
x2   
y2   
l1   
l2 (l2-l1)   
7DEHOOH  $EPHVVXQJHQ GHV 5HIOHNWRUV HQWVSUHFKHQG GHQ YRUJHJHEHQHQ:HUWHQ XQG GHQ(U
JHEQLVVHQ]ZHLHU0HVVXQJHQ$OOH0DHVLQG LQ0LOOLPHWHUDQJHJHEHQ'LH%H]HLFKQXQJHQVLQG
$EELOGXQJHQWQRPPHQ
4.1.2 Technischer Aufbau des Reflektors 
'LHDFKW)DFHWWHQGHV5HIOHNWRUVZXUGHQDXV]HKQ0LOOLPHWHUGLFNHP$OXPL
QLXPEOHFKJHIHUWLJW'LHVH)DFHWWHQZHLVHQDXIGHUHLQHQ6HLWHGLHEHLP]XVDP
PHQJHVHW]WHQ5HIOHNWRU LQQHQOLHJWGLH LPOHW]WHQ$EVFKQLWWDQJHJHEHQHQ0DH
DXI
$XI GLHVH ,QQHQVHLWHQ ZXUGHQPLW HLQHU .OHEHIROLH GLH HLJHQWOLFKHQ 6SLHJHO
DXIJHEUDFKW (VZXUGHQ6LOEHUKLQWHU*ODV6SLHJHOPLW HLQHU 6WlUNH YRQ PP
YHUZHQGHW'LH5HIOHNWLYLWlWGHU6SLHJHOZXUGH]XEHVWLPPW
$XI+|KHGHU=ZLVFKHQDSHUWXUGHV5HIOHNWRUVVLQGDOOH)DFHWWHQPLWWHOVSDV
VHQGHU.OHPPHQDQHLQHPUHFKWHFNLJHQ5DKPHQEHIHVWLJW'LHVHU5DKPHQWUlJW
GHQJHVDPWHQ5HIOHNWRU$XHUGHPVLQGGLH)DFHWWHQDQGHQ(FNHQGHU(LQXQG
$XVWULWWVDSHUWXUPLWHLQDQGHUYHUEXQGHQ'LH)DFHWWHQSDVVHQJXW]XHLQDQGHUHV
HQWVWHKHQNHLQHVLFKWEDUHQ6SDOWH]ZLVFKHQGHQ)DFHWWHQEHLP]XVDPPHQJHVHW]
WHQ5HIOHNWRU'DV IKUWDXFK]XGHUJXWHQhEHUHLQVWLPPXQJGHU0DHGLHHL
QHUVHLWV YRQ GHQ HLQ]HOQHQ )DFHWWHQ JHQRPPHQ ZXUGHQ DQGHUHUVHLWV YRP
]XVDPPHQJHVHW]WHQ5HIOHNWRU 7DEHOOH6SDOWHQXQG6FKOHFKWSDVVHQGH
)DFHWWHQZUGHQ]X6SDOWHQXQGGDGXUFK]XEHPHUNEDUJU|HUHQ$EPHVVXQJHQ
GHV]XVDPPHQJHVHW]WHQ5HIOHNWRUVIKUHQ
'LHJHULQJH$EVRUSWLRQEHLGHU5HIOH[LRQXQGDQ VFKDGKDIWHQ6SLHJHOVWHOOHQ
RGHU6SDOWHQ]ZLVFKHQGHQ6SLHJHOQNDQQXQWHUGHUYRP+HOLRVWDWHQIHOGNRQ]HQ
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

WULHUWHQ 6RQQHQVWUDKOXQJ DXVUHLFKHQ GHQ 5HIOHNWRU ]X EHUKLW]HQ 'HVZHJHQ
ZXUGHHLQH:DVVHUNKOXQJ IUGHQ5HIOHNWRUYRUJHVHKHQ$XIGHU5FNVHLWHGHU
)DFHWWHQ VLQGPLW ZlUPHOHLWHQGHP (SR[LGKDU] .KOVFKODQJHQ DXV .XSIHUURKU
DQJHEUDFKW
4.1.3 Der Laboraufbau 
'LH0HVVXQJHQDP5HIOHNWRUZXUGHQ LQHLQHP/DERU LPQHXQWHQ6WRFNGHV
7XUPHV DP :,6 GXUFKJHIKUW +LHUIU ZXUGH HLQ 0HVWDQG DQJHIHUWLJW
$EELOGXQJ]HLJWHLQHVFKHPDWLVFKH=HLFKQXQJGHV0HVWDQGHV'LH]XP+H
OLRVWDWHQIHOG DXVJHULFKWHWH )URQWSODWWH LVWPLW HLQHP 6WUDKOXQJVVFKLOG YHUVHKHQ
'LH)URQWSODWWHLVW]XP+HOLRVWDWHQIHOGKLQJHQHLJW'HU:LQNHO]XU6HQNUHFKWHQ
EHWUlJW HWZD  'HU 6WUDKOXQJVVFKLOG EHVWHKW DXV KLW]HEHVWlQGLJHP0DWHULDO
XQGLVWPLWZHLHU)DUEHEHVWULFKHQ(UVFKW]WVRGLHKLQWHULKPOLHJHQGHQ%DX
WHLOHXQGGLH([SHULPHQWDWRUHQDXIGHU$UEHLWVSODWWIRUPYRUGHUNRQ]HQWULHUWHQ
6WUDKOXQJYRP+HOLRVWDWHQIHOGRKQHVHOEVWEHUKLW]W]XZHUGHQ
Reflektor
Strahlungs-
schild
Radiometer
Plattform

$EELOGXQJ0HVWDQGLP/DERULPQHXQWHQ6WRFNGHV7XUPHVDP:,6
,P=HQWUXPGHU)URQWSODWWHLVWGHU5HIOHNWRUPRQWLHUW,KQXPJHEHQDXIDOOHQ
YLHU6HLWHQ5DGLRPHWHUGLHLPJOHLFKHQ$EVWDQGYRQGHU0LWWHGHU(LQWULWWVDSHU
'HU5HIOHNWRU

WXUGHV5HIOHNWRUVDQJHEUDFKWVLQG6LHGLHQHQGHU0HVVXQJGHU%HVWUDKOXQJVVWlU
NHYHUWHLOXQJDXIGHU(LQWULWWVDSHUWXUEHLGHQNDORULPHWULVFKHQ0HVVXQJHQ
'HU5HIOHNWRUXQGGLH5DGLRPHWHUVLQGZDVVHUJHNKOW'LH7HPSHUDWXUHQGHU
5DGLRPHWHUZHUGHQZlKUHQG GHU0HVVXQJHQ XQWHU NRQ]HQWULHUWHU 6RQQHQVWUDK
OXQJ ]XVlW]OLFK EHUZDFKW XPhEHUKLW]XQJ DXV]XVFKOLHHQ $Q GHU $XVWULWWVD
SHUWXU GHV 5HIOHNWRUV NDQQ HLQ PLW :DVVHU JHNKOWHV .DORULPHWHU DQJHEUDFKW
ZHUGHQ 'LH .KOZDVVHUNUHLVOlXIH ZHUGHQ PLW 'XUFKIOX6FKDOWHUQ EHUZDFKW
'HUhEHUVLFKWOLFKNHLWKDOEHUZHUGHQLQ$EELOGXQJGLH.KOZDVVHUNUHLVOlXIH
XQGGDV.DORULPHWHUQLFKWJH]HLJW
4.1.4 Strahlverfolgungsrechnungen 
'LH 7UDQVPLVVLRQ YRQ 6WUDKOXQJ GXUFK GHQ 5HIOHNWRU LQ $EKlQJLJNHLW YRP
2UWDXIGHP+HOLRVWDWHQIHOGZXUGHPLWWHOV6WUDKOYHUIROJXQJEHUHFKQHW'LH)RUP
GHV5HIOHNWRUVHQWVSULFKWGHQJHPHVVHQHQ:HUWHQ LQ7DEHOOH(VZXUGHHLQH
5HIOHNWLYLWlW GHU YHUZHQGHWHQ 6SLHJHO YRQ  DQJHQRPPHQ $EELOGXQJ 
]HLJW GDV +HOLRVWDWHQIHOG XQG GLH EHUHFKQHWH 7UDQVPLVVLRQ LQ +|KHQVFKLFKWOL
QLHQ
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$EELOGXQJ%HUHFKQHWH7UDQVPLVVLRQYRQ6WUDKOXQJYRP+HOLRVWDWHQIHOGGXUFKGHQ5HIOHNWRU
0DQEOLFNWVHQNUHFKWYRQREHQDXIGDV+HOLRVWDWHQIHOG'LH5HFKWHFNHEH]HLFKQHQGLHHLQ]HOQHQ
+HOLRVWDWHQPLWLKUHU%HQHQQXQJ(VVLQG+|KHQVFKLFKWOLQLHQIUXQG
7UDQVPLVVLRQHLQJHWUDJHQ'LH0DHLQKHLWLVW0HWHU
0DQ HUNHQQW GD GLH 7UDQVPLVVLRQ DP 6GUDQG GHV )HOGHV LQQHUKDOE YRQ
HWZDPYRQDXIDEIlOOW'LHVHUVFKDUIHhEHUJDQJFKDUDNWHULVLHUWGLH
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

JXWH$QSDVVXQJGHV5HIOHNWRUVDXIGLH6WUDKOXQJGHV)HOGHV(VOLHJHQDEHUYLHOH
+HOLRVWDWHQ LQ GLHVHPhEHUJDQJVJHELHW 'HU *UXQG KLHUIU LVW HLQH XQJQVWLJH
$XVULFKWXQJ GHU )URQWSODWWH GHV0HVWDQGHV 6LH LVW HWZDV ]XZHLW LQ5LFKWXQJ
1RUGHQDXVJHULFKWHW'DVHUNHQQWPDQDXFKGDUDQGDGLH7UDQVPLVVLRQ
+|KHQOLQLHLP1RUGHQZHLWEHUGDV)HOGKLQDXVUHLFKW
'HU5HIOHNWRUZXUGH]X7HVW]ZHFNHQJHEDXWHUVROOQLFKWLQHLQHU$QODJH]XU
:lUPHRGHU6WURPHU]HXJXQJHLQJHVHW]WZHUGHQ'LHGXUFKJHIKUWHQ0HVVXQJHQ
ZHUGHQ LPPHU PLW 6LPXODWLRQVUHFKQXQJHQ YHUJOLFKHQ XP GHUHQ *OWLJNHLW ]X
EHUSUIHQ'LHXQJQVWLJH$XVULFKWXQJGHV0HVWDQGHVZLUGLQGHU6LPXODWLRQ
EHUFNVLFKWLJWXQGVSLHOWGHVZHJHQIUGLH%HXUWHLOXQJGHU0HHUJHEQLVVHNHLQH
5ROOH
4.2 Optische Messungen 
,P 5DKPHQ GHU YRUOLHJHQGHQ $UEHLW ZXUGH HLQH RSWLVFKH 0HPHWKRGH ]XU
&KDUDNWHULVLHUXQJGHV6WUDKOXQJVWUDQVIHUV LQQLFKWDEELOGHQGHQ5HIOHNWRUHQ HQW
ZLFNHOW %LVKHUZXUGHQ DQQLFKWDEELOGHQGHQ6HNXQGlUUHIOHNWRUHQEOLFKHUZHLVH
NDORULPHWULVFKH 0HVVXQJHQ GXUFKJHIKUW 'LH 6WUDKOXQJVOHLVWXQJ DXI GHU (LQ
WULWWVDSHUWXU ZXUGH PLW NDORULPHWULVFKHQ RGHU IRWRPHWULVFKHQ 0HWKRGHQ EH
VWLPPW XQG GLH DEVRUELHUWH /HLVWXQJ LP $EVRUEHU RGHU HLQHP .DORULPHWHU
JHPHVVHQ6XUHVK2
*DOODJKHU6FK|IIHO*URHU'DEHLLVW
HV VFKZLHULJ]ZLVFKHQGHQ9HUOXVWHQ LP5HIOHNWRUGXUFK$EVRUSWLRQXQG6WUDK
OXPNHKUHLQHUVHLWVXQGGHQWKHUPLVFKHQ9HUOXVWHQLP$EVRUEHURGHU.DORULPHWHU
DQGHUHUVHLWV ]XXQWHUVFKHLGHQ$XHUGHPZXUGHELVKHUQRFKQLHGLH7UDQVPLV
VLRQ HLQHVQLFKWDEELOGHQGHQ5HIOHNWRUVPLWGHU YROOHQYLHUGLPHQVLRQDOHQ$XIO|
VXQJGHV3KDVHQUDXPVGHUJHRPHWULVFKHQ2SWLNJHPHVVHQ
'LH KLHU YRUJHVWHOOWH 0HWKRGH HUODXEW GLH $QDO\VH GHV 6WUDKOXQJVWUDQVIHUV
GXUFK HLQHQ QLFKWDEELOGHQGHQ 5HIOHNWRU PLW YLHUGLPHQVLRQDOHU $XIO|VXQJ $OV
UHLQ RSWLVFKH0HWKRGH LVW VLH XQEHHLQIOXW YRQGHQ WKHUPLVFKHQ(LJHQVFKDIWHQ
GHV$EVRUEHUV9HUOXVWHGXUFK6WUDKOXPNHKUZHUGHQGLUHNWVLFKWEDUJHPDFKW
4.2.1 Die Meßmethode 
'LH0HPHWKRGHEDVLHUWDXIGHU8PNHKUEDUNHLWGHV6WUDKOZHJHV LQGHUJHR
PHWULVFKHQ 2SWLN %HLP JHRPHWULVFKHQ:HJ HLQHV 6WUDKOHV GXUFK HLQ RSWLVFKHV
6\VWHPVLQG$QIDQJXQG(QGHDXVWDXVFKEDUVRIHUQNHLQH6WUDKODXIVSDOWXQJYRU
OLHJW
2SWLVFKH0HVVXQJHQ

%OLFNWPDQDXIGLH(LQWULWWVDSHUWXUHLQHVQLFKWDEELOGHQGHQ5HIOHNWRUVLQGHV
VHQ$XVWULWWVDSHUWXUHLQHGLIIXVOHXFKWHQGH/LFKWTXHOOHSOD]LHUWLVWVLHKWPDQDXI
GHU(LQWULWWVDSHUWXUHLQ0XVWHUYRQGXQNOHQXQGKHOOHQ*HELHWHQ'XUFKGLHKHO
OHQ*HELHWHNRPPW6WUDKOXQJYRQGHU$XVWULWWVDSHUWXU]XP%HREDFKWXQJVSXQNW
GXUFKGLHGXQNOHQ*HELHWHQLFKW.HKUWPDQGHQ6WUDKOZHJXPNDQQDOVRYRP
%HREDFKWXQJVSXQNW DXVQXU6WUDKOXQJGLHDXIGLHKHOOHQ*HELHWHDXIGHU(LQ
WULWWVDSHUWXU IlOOW DXFK GLH $XVWULWWVDSHUWXU HUUHLFKHQ 6WUDKOXQJ GLH DXI GLH
GXQNOHQ*HELHWH IlOOWZLUG LP5HIOHNWRUXPJHNHKUWXQGHUUHLFKWQLFKWGLH$XV
WULWWVDSHUWXUV$EELOGXQJ

$EELOGXQJ*HELHWHPLW7UDQVPLVVLRQXQG6WUDKOXPNHKUDXIGHU(LQWULWWVDSHUWXUHLQHV&3&
5HIOHNWRUV 'DV DEJHELOGHWH 0XVWHU JLOW IU 6WUDKOHQ GLH XQWHU HLQHP EHVWLPPWHQ:LQNHO YRQ
OLQNVDXIGLH(LQWULWWVDSHUWXUIlOOW6WUDKOIlOOWDXIHLQ*HELHWPLW6WUDKOXPNHKUVFKUDIILHUWGDU
JHVWHOOW6WUDKOIlOOWDXIHLQ*HELHWPLW7UDQVPLVVLRQQDFKHLQPDOLJHU5HIOH[LRQ'DV0XVWHULVW
DXV:HOIRUGHQWQRPPHQ
'LH0XVWHUYRQXPJHNHKUWHUXQGWUDQVPLWWLHUWHU6WUDKOXQJGLHDXVHLQHUEH
VWLPPWHQ 5LFKWXQJ DXI GLH (LQWULWWVDSHUWXU HLQHV QLFKWDEELOGHQGHQ 5HIOHNWRUV
IlOOW ZXUGHQ EHUHLWV YRQ :HOIRUG XQG :LQVWRQ PLW 6WUDKOYHUIROJXQJVVLPXOD
WLRQHQEHUHFKQHW:HOIRUG%HLGHUKLHUYRUJHVWHOOWHQ0HPHWKRGHZHUGHQ
GLHVHVRJHQDQQWHQ7UDQVPLVVLRQVPXVWHUYRQYHUVFKLHGHQHQ5LFKWXQJHQDXVIRWR
JUDILHUWXQGDQDO\VLHUW
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

'LH9HUOXVWHGXUFK6WUDKOXPNHKUVLQGDXVGHQ)RWRJUDILHQGLUHNW]XJlQJOLFK
'HU)OlFKHQDQWHLOGHUGXQNOHQ*HELHWHPLW6WUDKOXPNHKUDQGHU)OlFKHGHU(LQ
WULWWVDSHUWXU HQWVSULFKW GLHVHQ 9HUOXVWHQ IU 6WUDKOXQJ GLH YRP%HREDFKWXQJV
VWDQGSXQNW DXVJHKW 'LH 9HUPHVVXQJ GHU )OlFKHQ LVW PLW HLQHP
%LOGEHDUEHLWXQJVSURJUDPPDQHLQHPGLJLWDOLVLHUWHQ%LOGOHLFKWGXUFK]XIKUHQ
:HVHQWOLFK ZHLWHUJHKHQGH (UNHQQWQLVVH ODVVHQ VLFK DXV GHQ )RWRJUDILHQ LQ
.RPELQDWLRQPLW 6WUDKOYHUIROJXQJVUHFKQXQJHQ JHZLQQHQ -HGH)RWRJUDILH NDQQ
IU HLQH JHJHEHQH 5HIOHNWRUJHRPHWULH XQG GHQ EHNDQQWHQ $XIQDKPHVWDQGRUW
PLWWHOV6WUDKOYHUIROJXQJVLPXOLHUWZHUGHQ'HU9HUJOHLFKYRQ0HVVXQJXQG6LPX
ODWLRQ]HLJWGDQQFKDUDNWHULVWLVFKH$EZHLFKXQJHQLQGHQ7UDQVPLVVLRQVPXVWHUQ
ZHQQGLH)RUPGHV5HIOHNWRUVRGHUGHU6WDQGRUWGHU$XIQDKPHLQGHU6LPXODWLRQ
QLFKWPLW GHU:LUNOLFKNHLW EHUHLQVWLPPHQ'XUFK 9DULDWLRQ GHU 3DUDPHWHU LQ
GHU 6LPXODWLRQ NDQQ PDQ HLQH RSWLPDOH hEHUHLQVWLPPXQJ GHU VLPXOLHUWHQ
7UDQVPLVVLRQVPXVWHUPLWGHQ)RWRJUDILHQHUUHLFKHQXQGGDPLWLPSOL]LWGLH)RUP
GHVYHUPHVVHQHQ5HIOHNWRUVPLWKRKHU*HQDXLJNHLWEHVWLPPHQ
'LHV NRQQWH LP5DKPHQHLQHU'LSORPDUEHLW JH]HLJWZHUGHQ :DOWKHU
'LHGRUWYHUZHQGHWHQ)RWRJUDILHQZXUGHQDP:,6LQHLQHPDEJHGXQNHOWHQ/D
ERU JHPDFKW'DGXUFKZDUHQ VHKU NRQWUDVWUHLFKH$XIQDKPHQP|JOLFK'HUXQ
WHUVXFKWH 5HIOHNWRU ZLUG LQ GHU HUVWHQ WKHUPLVFKHQ 6WXIH HLQHU 7HVWDQODJH DP
:,6HLQJHVHW]W(VNRQQWHQ$EZHLFKXQJHQLQGHU)RUPGHV5HIOHNWRUVELV]X¸
GHU/lQJHGHV5HIOHNWRUVXQWHUVFKLHGHQZHUGHQ7LPLQJHU
6RPLWLVWGLHVH0HPHWKRGHDXFKHLQHZHLWHUHRSWLVFKH0HWKRGH]XU%HVWLP
PXQJGHU)RUPYRQQLFKWDEELOGHQGHQ5HIOHNWRUHQ$XFKIRWRJUDPPHWULVFKH0H
WKRGHQ 6KRUWLV  -RKQVWRQ  YHUVXFKHQ GLJLWDOLVLHUWH )RWRJUDILHQ PLW
6LPXODWLRQHQP|JOLFKVW H[DNW ]X UHNRQVWUXLHUHQXPGDGXUFK5FNVFKOVVHDXI
GLH)RUPGHV5HIOHNWRUV]X]LHKHQ+LHUEHLPXMHGRFKHLQ0XVWHUYRQ3XQNWHQ
DXIGLH2EHUIOlFKHGHV5HIOHNWRUVDXIJHEUDFKWZHUGHQZRKLQJHJHQGLHKLHUYRU
JHVWHOOWH0HWKRGHSULQ]LSLHOOEHUKUXQJVIUHLLVW
4.2.2 Durchführung der Messungen 
'LHRSWLVFKH0HPHWKRGHZXUGHIUGHQ6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP
4XHUVFKQLWW GDV HUVWHPDO ¶LQ VLWX© DQJHZDQGW'HU5HIOHNWRUEHILQGHW VLFKDOVR
QLFKWLQHLQHPDEJHGXQNHOWHQ/DERUVRQGHUQDQGHU6WHOOHZRHUDXFK]XU.RQ
]HQWUDWLRQ GHU 6WUDKOXQJ YRP +HOLRVWDWHQIHOG HLQJHVHW]W ZLUG 'LH )RWRJUDILHQ
ZXUGHQYRP+HOLRVWDWHQIHOGDXVJHPDFKW$EELOGXQJ]HLJWGLH$XIQDKPHVL
WXDWLRQ
2SWLVFKH0HVVXQJHQ


$EELOGXQJ$XIQDKPHGHU7UDQVPLVVLRQVPXVWHU ¶LQ VLWX©0DQHUNHQQW LP+LQWHUJUXQGGHQ
7XUPPLW GHPKDOE JH|IIQHWHQ5ROOWRU GHV/DERUV ,P9RUGHUJUXQG LVW GHU )RWRJUDI ]X VHKHQ
GD]ZLVFKHQHLQLJHGHU+HOLRVWDWHQGLHLQ3DUNVWHOOXQJPLWGHUYHUVSLHJHOWHQ)OlFKHQDFKXQWHQ
DXVJHULFKWHWVLQG
8PGLH7UDQVPLVVLRQVPXVWHU]XHUNHQQHQPXPDQGLH6WUDKOXQJYRQGHU
GLIIXVHQ 4XHOOH LQ GHU $XVWULWWVDSHUWXU GHV 5HIOHNWRUV HLQGHXWLJ LGHQWLIL]LHUHQ
N|QQHQ%HLGHQREHQHUZlKQWHQ/DERUDXIQDKPHQZXUGHDOOHDQGHUH6WUDKOXQJ
GXUFK $EGXQNOXQJ DXVJHVFKORVVHQ 'DV LVW LP )UHLHQ QLFKWP|JOLFK 'HVZHJHQ
ZXUGH DOV/LFKWTXHOOH HLQ RUDQJHIDUEHQHU.DUWRQ YHUZHQGHW GHVVHQ)DUEH VLFK
HLQGHXWLJYRP8PJHEXQJVOLFKWXQWHUVFKHLGHQOlW'LH8QWHUVFKHLGXQJYRQ*H
ELHWHQPLW7UDQVPLVVLRQYRQVROFKHQPLW6WUDKOXPNHKULVWVRPLWJXWP|JOLFKHLQ
GHXWOLFKHU+HOOLJNHLWVNRQWUDVWZLHEHLGHQ/DERUDXIQDKPHQZRGLH*HELHWHPLW
6WUDKOXPNHKUZLUNOLFKGXQNHO VLQG NDQQKLHUQLFKW HUUHLFKWZHUGHQ'HVZHJHQ
NDQQDXFKQLFKW]ZLVFKHQ*HELHWHQPLW7UDQVPLVVLRQXQGXQWHUVFKLHGOLFKHU$Q
]DKO YRQ 5HIOH[LRQHQ XQWHUVFKLHGHQ ZHUGHQ 6WUDKOHQ GLH ]ZHLPDO UHIOHNWLHUW
ZHUGHQKDEHQDXIJUXQGGHU$EVRUSWLRQVYHUOXVWHEHL MHGHU5HIOH[LRQHLQHJHULQ
JHUH,QWHQVLWlWDOV6WUDKOHQGLHQXUHLQPDOUHIOHNWLHUWZXUGHQ%HLGHQ$XIQDK
PHQ LP DEJHGXQNHOWHQ /DERU N|QQHQ GLH UHVXOWLHUHQGHQ JHULQJHQ
+HOOLJNHLWVXQWHUVFKLHGH ]ZLVFKHQ*HELHWHQPLW 6WUDKOHQGLHXQWHUVFKLHGOLFKRIW
UHIOHNWLHUWZHUGHQGHXWOLFKJHVHKHQZHUGHQ7LPLQJHU
'HU JURH $EVWDQG ]ZLVFKHQ $XIQDKPHVWDQGRUW XQG 5HIOHNWRU YRQ ELV ]X
PEHGLQJWGHQ(LQVDW]HLQHVVHKUODQJEUHQQZHLWLJHQ)RWRREMHNWLYHV'DVKLHU
YHUZHQGHWH 2EMHNWLY KDW HLQH %UHQQZHLWH YRQ PP 'LH $EELOGXQJVHLJHQ
VFKDIWHQ GHV2EMHNWLYHV EHVWLPPHQ KLHU GLH*UHQ]H GHU$XIO|VXQJGHU$XIQDK
PHQ
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

(VZXUGHQ$XIQDKPHQYRQVLHEHQYHUVFKLHGHQHQ6WDQGRUWHQLP+HOLRVWDWHQ
IHOG JHPDFKW $EELOGXQJ  ]HLJW GLH 6WDQGRUWH DXI GHP+HOLRVWDWHQIHOG 'LH
6WDQGRUWHELVVLQGVRJHZlKOWGDGHXWOLFKH6WUDKOXPNHKU]XHUNHQQHQLVW
DOVRDP5DQGGHV$N]HSWDQ]EHUHLFKHV$P6WDQGRUWLVWNHLQHUOHL6WUDKOXPNHKU
]X HUNHQQHQ GLH (LQWULWWVDSHUWXU GHV 6HNXQGlUUHIOHNWRUV HUVFKHLQW KLHU HLQKHLW
OLFKRUDQJHYRP.DUWRQLQGHU$XVWULWWVDSHUWXUDXVJHOHXFKWHW
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$EELOGXQJ  6WDQGRUWH IUGLH$XIQDKPHGHU7UDQVPLVVLRQVPXVWHU DXIGHP+HOLRVWDWHQIHOG
'LHX.UHX]HEH]HLFKQHQGLH6WDQGRUWHXQGLKUH1XPPHU$XHUGHPVLQGGLH+HOLRVWDWHQXQG
LKUH%H]HLFKQXQJHQHLQJHWUDJHQ
4.2.3 Ergebnisse 
$EELOGXQJ  ]HLJW GLH )RWRJUDILH GHU 7UDQVPLVVLRQVPXVWHU DXI GHU (LQ
WULWWVDSHUWXU YRQ3RVLWLRQ  V $EELOGXQJ  DXV DXIJHQRPPHQ'LH DXIGHP
%LOG RUDQJH DXVJHOHXFKWHWHQ*HELHWH VLQG NDULHUW XQWHUOHJW GD LQ GHU 6FKZDU]
ZHLGDUVWHOOXQJ GLH RUDQJH )DUEH GHV /LFKWHV YRQ GHU $XVWULWWVDSHUWXU QLFKW
GHXWOLFKKHUYRUWULWW0DQHUNHQQWGLHUHFKWHFNLJH(LQWULWWVDSHUWXUGHV5HIOHNWRUV
'LH*HELHWHDXIGHU(LQWULWWVDSHUWXUGLHQLFKWYRQGHURUDQJHQ6WUDKOXQJVTXHOOH
LQ GHU $XVWULWWVDSHUWXU DXVJHOHXFKWHW ZHUGHQ HUVFKHLQHQ KLHU QLFKW GXQNHO LQ
LKQHQZLUGGDV/LFKWYRP+HOLRVWDWHQIHOGRGHUGHU8PJHEXQJUHIOHNWLHUW6WUDK
OXQJGLHYRP%HREDFKWHUDXVJHKHQGQLFKWDXIGLHRUDQJHQ*HELHWHIlOOWZLUGLP
5HIOHNWRUXPJHNHKUWXQGQLFKW]XU$XVWULWWVDSHUWXUEHUWUDJHQ'XUFKHLQIDFKHV
$XVPHVVHQNDQQPDQGHQ$QWHLOGHURUDQJHQ*HELHWHDQGHU)OlFKHQGHU(LQ
WULWWVDSHUWXU DXI  EHVWLPPHQ  GHU YRP IRWRJUDILVFKHQ%OLFNZLQNHO
DXIGLH(LQWULWWVDSHUWXUIDOOHQGHQ6WUDKOXQJZUGHDOVRLP5HIOHNWRUXPJHNHKUW
2SWLVFKH0HVVXQJHQ


$EELOGXQJ  $XIQDKPH HLQHV 7UDQVPLVVLRQVPXVWHU YRQ 3RVLWLRQ  DXV JHVHKHQ 'LH RUDQJH
DXVJHOHXFKWHWHQ*HELHWHVLQGKLHUNDULHUWPDUNLHUW0DQHUNHQQWGLHUHFKWHFNLJH(LQWULWWVDSHUWXU
GHV5HIOHNWRUVXQGKHOOH5HIOH[HDXIGHP6SLHJHOGLH8PJHEXQJVOLFKWZLGHUVSLHJHOQ
$EELOGXQJ]HLJWGDV)RWRDXV$EELOGXQJQDFKGHU3UR]HVVLHUXQJLQHL
QHP%LOGEHDUEHLWXQJVSURJUDPP'HU5DQGGHU(LQWULWWVDSHUWXUZXUGH LQRUDQ
JHU )DUEH PDUNLHUW 'DQQ ZXUGHQ GLH GUHL )DUENDQlOH GHV IDUELJHQ %LOGHV LQ
HLQ]HOQH 6FKZDU]ZHLELOGHU EHUWUDJHQ 1DFK +HOOLJNHLWV XQG .RQWUDVWDQSDV
VXQJ WUHWHQQXUQRFKGLH YRUKHU RUDQJHQ)OlFKHQXQGGHU NQVWOLFKPDUNLHUWH
5DQGGHU(LQWULWWVDSHUWXUKHOOKHUYRU'LHQLFKWYRQGHU/LFKWTXHOOHLQGHU$XV
WULWWVDSHUWXUEHOHXFKWHWHQ)OlFKHQEOHLEHQGXQNHO'LHV HQWVSULFKWGHQ%LOGHUQ
GLHPDQLPDEJHGXQNHOWHQ/DERUXQWHU$XVVFKOXYRP8PJHEXQJVOLFKWHUKlOW
'HU.RQWUDVWLVWRSWLPDOXQGGLH'DUVWHOOXQJHQWVSULFKWDXHUGHPDXFKGHQ(U
JHEQLVVHQGHU6LPXODWLRQ

$EELOGXQJ'DV7UDQVPLVVLRQVPXVWHULQ$EELOGXQJQDFKGHU3UR]HVVLHUXQJ'HU5DKPHQ
GHU (LQWULWWVDSHUWXU ZXUGH PDUNLHUW 'LH RUDQJH DXVJHOHXFKWHWHQ *HELHWH HUVFKHLQHQ KHOO GDV
8PJHEXQJVOLFKWLVWXQWHUGUFNW=XVlW]OLFKLVWGHU5DQGGHU(LQWULWWVDSHUWXUHLQJHIJW
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW


$EELOGXQJ6LPXODWLRQVUHFKQXQJ]X$EELOGXQJ'HU5DQGGHU(LQWULWWVDSHUWXUHUVFKHLQW
KLHU QLFKW 0DQ HUNHQQW GHXWOLFK GLH XQWHUVFKLHGOLFKHQ *UDXVWXIHQ GLH 6WUDKOXQJ PLW XQWHU
VFKLHGOLFKYLHOHQ5HIOH[LRQHQZLHGHUJHEHQ%HL MHGHU5HIOH[LRQYHUOLHUWGLH6WUDKOXQJHLQHQ7HLO
LKUHU/HLVWXQJ'LHVFKPDOHKHOOVWH)OlFKHUHFKWVXQWHQPDUNLHUWHLQHQ7HLOGHU$XVWULWWVDSHUWXU
GHV 5HIOHNWRUV GLH KLHU GLUHNW ]X VHKHQ LVW 'LH +HOOLJNHLWVNRQWUDVWH DXIJUXQG XQWHUVFKLHGOLFK
YLHOHU5HIOH[LRQHQVLQGLQGHQ0HVVXQJHQNDXP]XVHKHQ
(VZXUGHHLQ&RPSXWHUSURJUDPPHUVWHOOWGDVGLHGLJLWDOLVLHUWHQXQGYRUSUR
]HVVLHUWHQ%LOGHU3L[HO IU3L[HOPLW 6WUDKOYHUIROJXQJVVLPXODWLRQ]X UHSURGX]LH
UHQ YHUVXFKW 7LPLQJHU  :DOWKHU  ,Q HLQHU LQWHUDNWLYHQ 8PJHEXQJ
ZHUGHQGLH(FNSXQNWHGHU(LQWULWWVDSHUWXUDXIGHP)RWRPDUNLHUWXQGGHU$XI
QDKPHVWDQGRUW DXI GHP +HOLRVWDWHQIHOG DQJHJHEHQ 'DV 3URJUDPP EHUHFKQHW
GHQ%LOGDXVVFKQLWWXQGVWDUWHWGLH6LPXODWLRQ'DVVLPXOLHUWH7UDQVPLVVLRQVPX
VWHU XQG GLH0HVVXQJ N|QQHQ LQ HLQHU )DOVFKIDUEHQGDUVWHOOXQJ EHUODJHUW ZHU
GHQGLHhEHUHLQVWLPPXQJHQXQG8QWHUVFKLHGHKHUYRUKHEW$EELOGXQJ]HLJW
GDV7UDQVPLVVLRQVPXVWHUDXVHLQHU6LPXODWLRQGHU0HVVXQJDXV$EELOGXQJ
'LH )RUP GHU 7UDQVPLVVLRQVPXVWHU VWLPPW ELV DXI $EZHLFKXQJHQ XP ZHQLJH
3L[HOPLWGHU0HVVXQJEHUHLQ
-HGHU3XQNWDXIGHQ)RWRJUDILHQUHSUlVHQWLHUWGLH7UDQVPLVVLRQHLQHV6WUDKOHV
YRP%HREDFKWHUDXV-HGHV3L[HOLPGLJLWDOLVLHUWHQ)RWRRGHUGHU6LPXODWLRQHQW
VSULFKW HLQHP XQWHUVFKHLGEDUHQ 6WUDKO 'LH 0HVVXQJHQ XQG GLH 6LPXODWLRQHQ
]HLJHQDOVRGLH7UDQVPLVVLRQYRQ6WUDKOXQJ6WUDKOIU6WUDKOLPYLHUGLPHQVLRQD
OHQ3KDVHQUDXPGHUJHRPHWULVFKHQ2SWLNRKQHMHGH,QWHJUDWLRQ'LH]ZHLGLPHQ
VLRQDOH )RWRJUDILH ]HLJW GLH 7UDQVPLVVLRQ LP ]ZHLGLPHQVLRQDOHQ 2UWVUDXP DXI
GHU (LQWULWWVDSHUWXU YRQ HLQHP 3XQNW LP 5LFKWXQJVUDXP GHU YRP %HREDFK
WXQJVVWDQGRUW EHVWLPPW ZLUG (LQH %HZHJXQJ GHV %HREDFKWXQJVVWDQGRUWHV EH
GHXWHW HLQH %HZHJXQJ LP 5LFKWXQJVUDXP (LQH 6HULH YRQ $XIQDKPHQ GHU
7UDQVPLVVLRQVPXVWHU YRQ YHUVFKLHGHQHQ %HREDFKWXQJVVWDQGRUWHQ HUP|JOLFKW
DOVR GLH0HVVXQJ GHU 7UDQVPLVVLRQ GXUFK GHQ 5HIOHNWRUPLW YLHUGLPHQVLRQDOHU
$XIO|VXQJ
2SWLVFKH0HVVXQJHQ

'LH JXWH hEHUHLQVWLPPXQJ YRQ0HVVXQJ XQG 6LPXODWLRQ LQ $EELOGXQJ 
XQG$EELOGXQJ ZXUGH DOOHLQ GXUFK HLQH9DULDWLRQGHU$XVULFKWXQJGHV5H
IOHNWRUVLQGHU6LPXODWLRQHUUHLFKW'LH)RUPGHV5HIOHNWRUVZXUGHJHJHQEHUGHQ
JHPHVVHQHQ0DHQQLFKWYHUlQGHUW
'LH$XVULFKWXQJGHV5HIOHNWRUVLQ1RUG6G5LFKWXQJLVWLP$XIEDXGHU0HV
VXQJQXUPLW HLQHU*HQDXLJNHLW YRQ HWZD ]XJlQJOLFKGDGLH RSWLVFKH$FKVH
GHV5HIOHNWRUVYRQDXHQQLFKWGLUHNW]XEHVWLPPHQLVW,QGHU6LPXODWLRQN|Q
QHQ8QWHUVFKLHGHYRQDQKDQGGHUXQWHUVFKLHGOLFKHQ7UDQVPLVVLRQVPXVWHU
GHXWOLFKVLFKWEDUJHPDFKWZHUGHQ'LHEHVWHhEHUHLQVWLPPXQJGHU6LPXODWLRQHQ
PLW GHQ0HVVXQJHQ IU DOOH 6WDQGRUWH HUJDE VLFK IU HLQHQ:LQNHO YRQ 
]ZLVFKHQ GHU RSWLVFKHQ $FKVH GHV 5HIOHNWRUV XQG GHU KRUL]RQWDO QDFK 1RUGHQ
ZHLVHQGHQ.RRUGLQDWHQDFKVH
'LHVHU:LQNHOLVW LPEHVWHKHQGHQ$XIEDXGXUFKGLH)RUPGHU0HSODWWIRUP
ZHLWJHKHQG YRUJHJHEHQ )U GDV+HOLRVWDWHQIHOG LVW GHU5HIOHNWRU GDPLW MHGRFK
QLFKWRSWLPDODXVJHULFKWHWGHU:LQNHOLVWGHXWOLFK]XNOHLQ'DPLWGLH6WUDKOXQJ
YRP+HOLRVWDWHQIHOGLP5LFKWXQJVUDXPV\PPHWULVFKDXIGLH(LQWULWWVDSHUWXUHLQ
IlOOWPWHGHU:LQNHOEHWUDJHQ'HU5HIOHNWRUZlUHLQGLHVHP)DOOGHXW
OLFKZHLWHUQDFKXQWHQZHJYRQGHU+RUL]RQWDOHQJHNLSSW
,Q$EELOGXQJZHUGHQGLH8QWHUVFKLHGHLQGHQ7UDQVPLVVLRQVPXVWHUDXI
JUXQGGLHVHU)HKODXVULFKWXQJGDUJHVWHOOW,QGHU)DOVFKIDUEHQGDUVWHOOXQJZHUGHQ
8QWHUVFKLHGHKHUYRUJHKREHQ'LH6LPXODWLRQIUNRUUHNWH$XVULFKWXQJLVWPLWGHU
0HVVXQJEHLEHVWHKHQGHUIDOVFKHU$XVULFKWXQJEHUODJHUW%HLNRUUHNWHU$XVULFK

$EELOGXQJ8QWHUVFKLHGH LQGHQ7UDQVPLVVLRQVPXVWHUQDXIJUXQGGHU IDOVFKHQ$XVULFKWXQJ
GHV 5HIOHNWRUV )RWRJUDILH PLW EHVWHKHQGHU XQG 6LPXODWLRQ PLW NRUUHNWHU $XVULFKWXQJ VLQG LQ
HLQHU )DOVFKIDUEHQGDUVWHOOXQJ EHUODJHUW 'LH 8QWHUVFKLHGH ]ZLVFKHQ0HVVXQJ XQG 6LPXODWLRQ
HUVFKHLQHQDOVJUDXH)OlFKHQ,QGHQKHOOJUDXGDUJHVWHOOWHQ*HELHWHQOLHJWLQGHU0HVVXQJ6WUDK
OXQJYRU LQGHU6LPXODWLRQMHGRFKQLFKW,QGHQGXQNHOJUDXHQ*HELHWHQOLHJWLQGHU6LPXODWLRQ
6WUDKOXQJYRU LQGHU0HVVXQJ MHGRFKQLFKW:HLH)OlFKHQEHGHXWHQhEHUHLQVWLPPXQJYRQ6L
PXODWLRQXQG0HVVXQJ'HU5DQGGHU(LQWULWWVDSHUWXUHUVFKHLQWKLHUZHLOHUEHLGHQ0HVVXQJHQ
QDFKWUlJOLFKKLQ]XJHIJWZXUGH
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

WXQJGHV5HIOHNWRUVZlUHQGLHGXQNHOJUDXGDUJHVWHOOWHQ)OlFKHQ*HELHWHPLW]X
VlW]OLFKHU7UDQVPLVVLRQDOVR LP)RWRRUDQJHGLHKHOOJUDXGDUJHVWHOOWHQ*HELHWH
ZUGHQ IUGLH7UDQVPLVVLRQZHJIDOOHQ0DQHUNHQQWGDGLH7UDQVPLVVLRQ LQ
GLHVHP )DOOH GHXWOLFK K|KHU ZlUH ZHLO GLH GXQNHOJUDXHQ )OlFKHQ EHL ZHLWHP
EHUZLHJHQ
'LH $EPHVVXQJHQ GHV 5HIOHNWRUV ZLH HU LP /DERU DXIJHEDXW LVW ZHLFKHQ
GHXWOLFKYRQGHQ9RUJDEHQDEGLHDXVGHU2SWLPLHUXQJVUHFKQXQJKHUYRUJLQJHQ
'HUZHVHQWOLFKVWH8QWHUVFKLHGEHVWHKWLQGHU9HUWDXVFKXQJGHU/lQJHQGHUD[LD
OHQ6HJPHQWHDXVGHQHQGHU5HIOHNWRUDXIJHEDXWLVWV$EVFKQLWW1LPPW
PDQLQGHU6LPXODWLRQGLHHLJHQWOLFKYRUJHJHEHQHQ$EPHVVXQJHQDQHUKlOWPDQ
DXFKGHXWOLFKDEZHLFKHQGH7UDQVPLVVLRQVPXVWHU'LH8QWHUVFKLHGH]XU0HVVXQJ
VLQG LQ$EELOGXQJ GDUJHVWHOOW:HLH)OlFKHQEHGHXWHQhEHUHLQVWLPPXQJ
YRQ 0HVVXQJ XQG 6LPXODWLRQ 0DQ HUNHQQW GHXWOLFKH $EZHLFKXQJHQ 'LH )Ol
FKHQGHUGXQNHOJUDXGDUJHVWHOOWHQ*HELHWHVLQGKLHUMHGRFKQXUJHULQJIJLJJU|
HUDOVGLHGHUKHOOJUDXHQ'LH]XVlW]OLFKH7UDQVPLVVLRQGXUFKGLHIDOVFKH)RUP
KHOOJUDXZLHJWGLHYHUORUHQH7UDQVPLVVLRQGXQNHOJUDXZHLWJHKHQGDXI

$EELOGXQJ8QWHUVFKLHGHLQGHQ7UDQVPLVVLRQVPXVWHUQGXUFKDEZHLFKHQGH5HIOHNWRUJHRPH
WULH'HU5HIOHNWRULQGHU6LPXODWLRQKDWKLHUGLH$EPHVVXQJHQGLHQDFKGHU2SWLPLHUXQJYRUJH
JHEHQ ZXUGHQ 'LH $EZHLFKXQJHQ LQ GHQ $EPHVVXQJHQ GHV ZLUNOLFK JHEDXWHQ5HIOHNWRUV VR
IKUHQ]XVLJQLILNDQWHQ$EZHLFKXQJHQLQGHQ7UDQVPLVVLRQVPXVWHUQ
4.3  Kalorimetrische Messungen 
0LW GHP 6HNXQGlUUHIOHNWRU PLW UHFKWHFNLJHP 4XHUVFKQLWW ZXUGH DXFK HLQH
0HUHLKH XQWHU NRQ]HQWULHUWHU 6RQQHQVWUDKOXQJ GXUFKJHIKUW 'LH YRQ HLQHP
HLQ]HOQHQ +HOLRVWDWHQ HU]HXJWH %HVWUDKOXQJVVWlUNHYHUWHLOXQJ DXI GHU (LQWULWWV
DSHUWXUHEHQHGHV6HNXQGlUUHIOHNWRUVZXUGHYHUPHVVHQ+LQWHUGHU$XVWULWWVDSHU
WXU GHV 5HIOHNWRUV ZXUGH HLQ .DORULPHWHU DQJHEUDFKW XQG GLH GRUW DEVRUELHUWH
6WUDKOXQJVOHLVWXQJJHPHVVHQ'HU4XRWLHQWDXVGHUHLQWUHWHQGHQXQGDEVRUELHU
WHQ 6WUDKOXQJVOHLVWXQJ HUJLEW GLH 7UDQVPLVVLRQ IU 6WUDKOXQJ YRP YHUZHQGHWHQ
.DORULPHWULVFKH0HVVXQJHQ

+HOLRVWDWHQ 'LHVH 0HVVXQJHQ ZXUGHQ IU IQI HLQ]HOQH +HOLRVWDWHQ GXUFKJH
IKUW
4.3.1 Messung der Bestrahlungsstärkeverteilung 
'LH%HVWUDKOXQJVVWlUNHYHUWHLOXQJDXIGHU(LQWULWWVDSHUWXUHEHQHGHV6HNXQGlU
UHIOHNWRUVZXUGHPLW+LOIHGHUYLHU5DGLRPHWHUJHPHVVHQGLH LQGLH)URQWSODWWH
GHV 0HVWDQGHV HLQJHEDXW VLQG V $EELOGXQJ  +LHU]X ZLUG GHU +HOLRVWDW
VFKULWWZHLVHVREHZHJWGDGDV%LOGGHU6RQQHLPIROJHQGHQNXU]6SRWJHQDQQW
VFKULWWZHLVHEHUGLH5DGLRPHWHU YHUIDKUHQZLUG'LH YRQGHQ5DGLRPHWHUQJH
PHVVHQHQ :HUWH GHU %HVWUDKOXQJVVWlUNH ZHUGHQ DP MHZHLOLJHQ 2UW UHODWLY ]XU
0LWWHGHV6SRWVDXIJHWUDJHQ(VHUJLEWVLFKHLQ5DVWHUYRQ3XQNWHQLP6SRWDQ
GHQHQGLH%HVWUDKOXQJVVWlUNH JHPHVVHQZXUGH'LHVH0HSXQNWHZHUGHQGXUFK
HLQPDWKHPDWLVFKHV0RGHOO DQJHQlKHUW $OV0RGHOOIXQNWLRQHQZXUGHQ KLHU HLQ
]ZHLGLPHQVLRQDOHV3RO\QRPGULWWHU2UGQXQJHLQJHVHW]W$QKDQGGHUDQJHQlKHU
WHQ %HVWUDKOXQJVVWlUNHYHUWHLOXQJ ZLUG GDQQ GLH DXI GLH (LQWULWWVDSHUWXU HLQIDO
OHQGH/HLVWXQJEHUHFKQHW$EELOGXQJ]HLJWGLH%HVWUDKOXQJVVWlUNHYHUWHLOXQJ
ZLH VLH YRQ HLQHP+HOLRVWDWHQ HU]HXJW ZLUG+LHU LVW GHU JHVDPWH 6SRW ELV KLQ
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$EELOGXQJ'LH%HVWUDKOXQJVVWlUNHYHUWHLOXQJSURGX]LHUWYRP+HOLRVWDWHQPLWGHU1XPPHU
 V $EELOGXQJ  DXI GHU (LQWULWWVDSHUWXUHEHQH GHV 6HNXQGlUUHIOHNWRUV 'LH DQJHQlKHUWH
*DXVVYHUWHLOXQJKDW]ZHLYHUVFKLHGHQH0RPHQWHXQGHLQHEHOLHELJH$XVULFKWXQJGHU+DXSWDFK
VHQ'LHVFKZDU]HQ3XQNWHVLQG0HZHUWH(VVLQGQXUGLH0HZHUWH]XVHKHQGLHREHUKDOEGHU
*DXVVNXUYHOLHJHQ'LH(LQKHLWHQLQGHU(EHQHVLQG=HQWLPHWHUGLH(LQKHLWHQLQGHU+|KHVLQG
EHOLHELJ'LH[$FKVH]HLJWQDFKUHFKWVYRUQHGLH\$FKVHQDFKKLQWHQ
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

]XP5DQGGDUJHVWHOOW8P HLQHP|JOLFKVW JXWH$SSUR[LPDWLRQPLWGHU DQJHQl
KHUWHQ)XQNWLRQLPIUGLH0HVVXQJUHOHYDQWHQ%HUHLFK]XHUUHLFKHQZXUGHQIU
GLH%HUHFKQXQJGHU HLQJHVWUDKOWHQ/HLVWXQJDXIGLH(LQWULWWVDSHUWXUGHV6HNXQ
GlUUHIOHNWRUV QXU VROFKH0HSXQNWH EHUFNVLFKWLJW GLH DXI GHU(LQWULWWVDSHUWXU
GHV5HIOHNWRUVRGHULQLKUHUQDKHQ8PJHEXQJOLHJHQ'DVVLQG]ZLVFKHQXQG
0HSXQNWH
'LH UHODWLYHQ $EZHLFKXQJHQ GHU HLQ]HOQHQ0HZHUWH YRQ GHU DQJHQlKHUWHQ
)XQNWLRQOLHJHQ]ZLVFKHQXQG
4.3.2 Messung der absorbierten Leistung im Kalorimeter 
)U GLH0HVVXQJ GHU 6WUDKOXQJVOHLVWXQJ GLH GXUFK GLH $XVWULWWVDSHUWXU GHQ
5HIOHNWRUYHUOlWZXUGHDQ6WHOOHHLQHV$EVRUEHUVHLQ.DORULPHWHUDQJHEUDFKW
'DV .DORULPHWHU LVW DOV ]\OLQGULVFKHU+RKOUDXP DXVJHOHJW DXI GHVVHQ HLQHU
IODFKHQ 6HLWH GLH UHFKWHFNLJH (LQWULWWVDSHUWXU DXVJHVSDUW LVW GLH DXI GLH $XV
WULWWVDSHUWXUGHV5HIOHNWRUVDQJHSDWLVW$XIGHQ,QQHQZlQGHQVLQG.KOVFKODQ
JHQDQJHEUDFKWGLH$XHQVHLWHLVWZlUPHJHGlPPW'LH6WUDKOXQJWULWWGXUFKGLH
(LQWULWWVDSHUWXULQGHQ+RKOUDXPHLQXQGZLUGDQGHQGXQNOHQ:lQGHQDEVRU
ELHUWGLHDEVRUELHUWH/HLVWXQJZLUGDQGDV:DVVHU LQGHQ.KOVFKODQJHQEHU
WUDJHQ 'HU :DVVHUGXUFKIOX XQG GLH (LQ XQG $XVWULWWVWHPSHUDWXU GHV
.KOZDVVHUV ZHUGHQ PLW 7KHUPRHOHPHQWHQ JHPHVVHQ 'HU 7HPSHUDWXUXQWHU
VFKLHG EHWUlJW MHZHLOV ZHQLJHU DOV . 'XUFK GHQ JHULQJHQ 7HPSHUDWXUXQWHU
VFKLHG HUUHLFKW PDQ VHKU JHULQJH :lUPHYHUOXVWH DXV GHP .DORULPHWHU DQ GLH
8PJHEXQJGXUFK:lUPHOHLWXQJRGHU:lUPHVWUDKOXQJ
4.3.3 Durchführung der Messungen 
'LH9RUJHKHQVZHLVH GHU0HVVXQJHQ IU HLQHQ HLQ]HOQHQ+HOLRVWDWHQZDU IRO
JHQGH 'HU+HOLRVWDW ZXUGH VR DXVJHULFKWHW GD GHU0LWWHOSXQNW GHV 6SRWV LP
=HQWUXPGHU(LQWULWWVDSHUWXUGHV+HOLRVWDWHQODJ(VZXUGHJHZDUWHWELVGLHYRP
0HFRPSXWHU DQJH]HLJWH /HLVWXQJ LP .DORULPHWHU LP *OHLFKJHZLFKW ZDU 'HU
=HLWSXQNWZXUGHQRWLHUWXQGHLQLJH0LQXWHQZHLWHUJHPHVVHQ,P$QVFKOXZXUGH
GHU +HOLRVWDW MHZHLOV XP HLQHQ *HWULHEHVFKULWW EHZHJW XQG HWZDV JHZDUWHW 'LH
*HWULHEHGHU+HOLRVWDWHQHUODXEHQGLHVFKULWWZHLVH%HZHJXQJXP]ZHLXQDEKlQ
JLJH$FKVHQ,QHLQHU0HUHLKHZLUGGHU+HOLRVWDWVREHZHJWGDGHU6SRWYRP
=HQWUXPGHU(LQWULWWVDSHUWXUVFKULWWZHLVHLQHLQH5LFKWXQJIRUWEHZHJWZLUG]XP
%HLVSLHO LQ|VWOLFKHU5LFKWXQJ=X%HJLQQGHUQlFKVWHQ0HUHLKHZLUGGHU6SRW
ZLHGHU]XP=HQWUXPGHU$SHUWXUJHIDKUHQXQGGDQQVFKULWWZHLVHQDFK:HVWHQ
EHZHJW$XVJHKHQGYRP=HQWUXPZXUGHGHU6SRWDOVRLQVJHVDPWLQYLHUYHUVFKLH
.DORULPHWULVFKH0HVVXQJHQ

GHQH 5LFKWXQJHQ HQWVSUHFKHQG GHU SRVLWLYHQ RGHU QHJDWLYHQ 'UHKXQJ GHV +H
OLRVWDWHQXPHLQHGHUEHLGHQ$FKVHQEHZHJW'LHH[DNWH%HZHJXQJVULFKWXQJGHV
6SRWV LVWGDEHLDEKlQJLJ YRP6WDQGRUWGHV+HOLRVWDWHQXQGGHP6RQQHQVWDQG
,PZHVHQWOLFKHQ HQWVSUHFKHQGLH5LFKWXQJHQ DEHU%HZHJXQJHQQDFKREHQXQ
WHQ:HVWHQXQG2VWHQ'LH'XUFKIKUXQJDOOHUYLHU0HUHLKHQ]XVDPPHQEHQ|
WLJWHWZDHLQH6WXQGH
$XV MHGHU GHU YLHU0HUHLKHQ HUKlOWPDQ YRP%HJLQQ:HUWH IU GLH DEVRU
ELHUWH/HLVWXQJ LP.DORULPHWHUEHL ]HQWUDODXVJHULFKWHWHQ6SRW$XVGHPZHLWH
UHQ 9HUODXI MHGHU 0HUHLKH JHZLQQW PDQ PLW 'DWHQ GHU 5DGLRPHWHU GLH
0HZHUWHIUGLH%HVWUDKOXQJVVWlUNHYHUWHLOXQJLP6SRW
4.3.4 Ergebnisse 
%HL GHU $XVZHUWXQJ GHU .DORULPHWHUGDWHQ IlOOW DXI GD GLH:HUWH IU HLQH
HLQ]HOQH0HVVXQJ ]ZDU UHODWLY VWDELO VLQG GLH:HUWH IUGLH YLHU YHUVFKLHGHQHQ
0HVVXQJHQVLFKMHGRFKVLJQLILNDQWXQWHUVFKHLGHQV$EELOGXQJ'HU*UXQG
IU GLH bQGHUXQJHQ GUIWH GDULQ OLHJHQ GD VLFK GLH %HVWUDKOXQJVVWlUNHYHUWHL
OXQJLP6SRWPLWGHU=HLWLP/DXIHGHU0HVVXQJlQGHUW'LH6RQQH]LHKWZHLWHU
EHUGHQ+LPPHOXQGGDPLWYHUlQGHUW VLFKGHU6SRWDOVRGDV%LOGGHU6RQQH
GDVYRP+HOLRVWDWHQDXIGLH(LQWULWWVDSHUWXUHEHQHJHZRUIHQZLUG(LQHZLFKWLJH
5ROOHVSLHOWKLHUEHLGHU$VWLJPDWLVPXVGHV+HOLRVWDWHQ
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$EELOGXQJ,P.DORULPHWHUDEVRUELHUWH/HLVWXQJIUGLHYLHUYHUVFKLHGHQHQ0HUHLKHQPLW
HLQHP+HOLRVWDWHQ'LH'DWHQ VLQG UHQRUPLHUW XPGLH OHLFKWHQ 6FKZDQNXQJHQ LQGHU%HVWUDK
OXQJVVWlUNH GHU GLUHNWHQ 6RQQHQVWUDKOXQJ DXV]XJOHLFKHQ 0DQ HUNHQQW JURH 6FKULWWH LQ GHQ
HLQ]HOQHQ .XUYHQ GLH GLH $XIO|VXQJ GHU YHUZHQGHWHQ 7KHUPRHOHPHQWH ZLHGHUJHEHQ:lKUHQG
GLH HLQ]HOQHQ .XUYHQ LQ VLFK UHODWLY JHULQJH 6FKZDQNXQJHQ DXIZHLVHQ VLQG GLH 8QWHUVFKLHGH
]ZLVFKHQGHQHLQ]HOQHQ.XUYHQVLJQLILNDQW
0HVVXQJHQDQHLQHP6HNXQGlUUHIOHNWRUPLWUHFKWHFNLJHP4XHUVFKQLWW

'LH7UDQVPLVVLRQGHU6WUDKOXQJGXUFKGHQ5HIOHNWRULVWGHU$QWHLOGHULP.D
ORULPHWHU DEVRUELHUWHQ /HLVWXQJ DQ GHU DXI GLH (LQWULWWVDSHUWXU GHV 5HIOHNWRUV
HLQIDOOHQGHQ 6WUDKOXQJVOHLVWXQJ'HU UHODWLYH )HKOHU GHU7UDQVPLVVLRQZLUG DXI
HWZD DEJHVFKlW]W'HU)HKOHU VHW]W VLFK LPZHVHQWOLFKHQDXVGHU9DULDWLRQ
GHUJHPHVVHQHQ:HUWHIUGLH%HVWUDKOXQJVVWlUNHXQGGHULP.DORULPHWHUDEVRU
ELHUWHQ /HLVWXQJ ]XVDPPHQ :HLWHUH )HKOHUTXHOOHQ VLQG GLH .DOLEULHUXQJ GHU
5DGLRPHWHU XQG GLH %HVWLPPXQJ GHU 5HIOHNWLYLWlW GHU YHUZHQGHWHQ 6SLHJHO
$EELOGXQJ  ]HLJW GLH UHVXOWLHUHQGHQ 7UDQVPLVVLRQVZHUWH IU 6WUDKOXQJ YRQ
GHQYHUZHQGHWHQ+HOLRVWDWHQ]XVDPPHQPLW(UJHEQLVVHQDXV6WUDKOYHUIROJXQJV
UHFKQXQJHQ 'LH JHPHVVHQHQ :HUWH VWLPPHQ LQQHUKDOE GHU )HKOHUJUHQ]HQ EH
IULHGLJHQGPLWGHQ6LPXODWLRQVHUJHEQLVVHQEHUHLQ
'LHKRKH*HQDXLJNHLWGHUQHXHQRSWLVFKHQ0HPHWKRGH LVWPLWNDORULPHWUL
VFKHQ0HVVXQJHQQLFKW]XHUUHLFKHQ
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$EELOGXQJ7UDQVPLVVLRQGXUFKGHQ5HIOHNWRUIU6WUDKOXQJHLQ]HOQHU+HOLRVWDWHQDXVGHQ
NDORULPHWULVFKHQ 0HVVXQJHQ 'LH VFKZDU]HQ 4XDGUDWH VLQG GLH JHPHVVHQHQ:HUWH GLH JUDXHQ
%DONHQ VWHOOHQ GLH DXV 6WUDKOYHUIROJXQJVUHFKQXQJHQ JHZRQQHQHQ:HUWH GDU'LH =DKOHQ XQWHQ
VLQGGLH1XPPHUQGHVLQGHU0HVVXQJYHUZHQGHWHQ+HOLRVWDWHQ


5 Ausblick 
5.1 Reflektoren für den Randbereich der Fokalebene eines 
Heliostatenfeldes 
5.1.1 Strahlung 
,Q$EVFKQLWW ZXUGHQRSWLPLHUWH DV\PPHWULVFKH6HNXQGlUUHIOHNWRUHQ YRU
JHVWHOOW GLH IU GHQ ]HQWUDOHQ %HUHLFK GHU )RNDOHEHQH HLQHV +HOLRVWDWHQIHOGHV
DXVJHOHJW VLQG ,P ]HQWUDOHQ%HUHLFK LVW GLH 6WUDKOXQJ LP2UWV XQG5LFKWXQJV
UDXPYHUKlOWQLVPlLJJOHLFKPlLJYHUWHLOW'LH5HIOHNWRUIRUPHQZXUGHQGHVZH
JHQIUKRPRJHQH6WUDKOXQJHQWZRUIHQGLHJHULQJH,QKRPRJHQLWlWGHU6WUDKOXQJ
EHLGHU2SWLPLHUXQJDEHUQDWUOLFKEHUFNVLFKWLJW
-HZHLWHUPDQVLFKLQGHU)RNDOHEHQHYRP=HQWUXPHQWIHUQWGHVWRDXVJHSUlJ
WHUZHUGHQGLH,QKRPRJHQLWlWHQGHU6WUDKOXQJLP2UWVXQGLP5LFKWXQJVUDXP
'LH%HVWUDKOXQJVVWlUNHIlOOWQDFKDXHQKLQGHXWOLFKDE(LQH$SHUWXUDP5DQG
GHV6SRWVLVWDOVRDQGHU,QQHQVHLWH]XU0LWWHKLQLPPHUGHXWOLFKVWlUNHUDXVJH
OHXFKWHWDOVDPlXHUHQ5DQG$PlXHUHQ5DQGNRPPWGLH6WUDKOXQJEHYRU
]XJW YRQ GHQ HQWIHUQWHQ +HOLRVWDWHQ GLH HLQ JU|HUHV %LOG GHU 6RQQH DXI GLH
$SHUWXUHEHQHZHUIHQZlKUHQG]XP=HQWUXPKLQGLHQlKHUHQ+HOLRVWDWHQDXFK
QRFKHLQH5ROOH VSLHOHQ'LHVH=XVDPPHQKlQJHVLQGLQ$EVFKQLWWDQ+DQG
HLQHVNRQNUHWHQ+HOLRVWDWHQIHOGHVGDUJHVWHOOWEHVLW]HQDEHUJHQHUHOOH*OWLJNHLW
,Q HLQHP ]ZHLGLPHQVLRQDOHQ 1RUG6G6FKQLWW ZLUG GLH $EKlQJLJNHLW YRQ
2UWVXQG5LFKWXQJVYHUWHLOXQJGHU6WUDKOXQJEHVRQGHUVGHXWOLFK$EELOGXQJ
]HLJWGLH6WUDKOXQJLP3KDVHQUDXPDXIGHU)RNDOHEHQHLQHLQHPVROFKHQ6FKQLWW
'DV+HOLRVWDWHQIHOGHUVWUHFNWVLFKYRP)XGHV7XUPHV(LQKHLWHQLQQ|UGOL
FKHU 5LFKWXQJ 'HU 7XUP LVW  (LQKHLWHQ KRFK 6WUDKOXQJ YRP HQWIHUQWHQ
(QGHGHV)HOGHVKDWLQGLHVHU'DUVWHOOXQJQHJDWLYHkx:HUWH0DQVLHKWGDLP
=HQWUXPGHU$SHUWXUGLH6WUDKOXQJDXVHLQHPQDKH]XNRQVWDQWHQ5LFKWXQJVEH
UHLFKNRPPWGHUV\PPHWULVFKXPkx=0YHUWHLOW LVW'LHVH6WUDKOXQJSDWJXW]X
GHU6WUDKOXQJIUGLH]XP%HLVSLHOHLQ&3&5HIOHNWRUDXVJHOHJWLVW'LHVH6WUDK
OXQJ LVW DOV JUDX VFKUDIILHUWHV 5HFKWHFN HLQJH]HLFKQHW $P 5DQG GHU $SHUWXU
NRPPWGLH6WUDKOXQJPLW]XQHKPHQGHU(QWIHUQXQJ]XP=HQWUXPQXUQRFKYRP
HQWIHUQWHQ(QGHGHV)HOGHV'LHKLHUYHUIJEDUH6WUDKOXQJSDWQLFKWJXW]XGHU
LP5LFKWXQJVUDXP V\PPHWULVFK YHUWHLOWHQ 6WUDKOXQJ IU GLH GHU&3&5HIOHNWRU
DXVJHOHJW LVW(LQVROFKHV5HFKWHFNKlWWHHQWZHGHUHLQHJURHQLFKWYRQYRUKDQ
$XVEOLFN

GHQHU6WUDKOXQJDXVJHIOOWH)OlFKHRGHUZUGHVLJQLILNDQWH$QWHLOHGHUYRUKDQ
GHQHQ6WUDKOXQJQLFKWHLQVFKOLHHQV$EELOGXQJ
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$EELOGXQJ6WUDKOXQJVYHUWHLOXQJLQGHU)RNDOHEHQHHLQHV1RUG)HOGHVLP]ZHLGLPHQVLRQDOHQ
1RUG6G6FKQLWW'DV=HQWUXPGHU)RNDOHEHQH LVWDP2UW[ 1HJDWLYH:HUWHYRQkxHQWVSUH
FKHQ GHP HQWIHUQWHQ (QGH GHV +HOLRVWDWHQIHOGHV 'LH (LQVWUDKOXQJ YRP )HOG IOOW GDV *HELHW
LQQHUKDOEGHUVFKZDU]HQ/LQLHDXV'LH6WUDKOXQJIUGLHHLQ]ZHLGLPHQVLRQDOHU&3&5HIOHNWRU
LP=HQWUXPGHU)RNDOHEHQHDXVJHOHJWLVWLVWVFKUlJVFKUDIILHUW'DVVHQNUHFKWVFKUDIILHUWH5HFKW
HFN XPVFKOLHW GLH 6WUDKOXQJ GLH HLQ V\PPHWULVFKHU &3&5HIOHNWRU DP 5DQG GHU )RNDOHEHQH
DN]HSWLHUHQ N|QQWH 0DQ HUNHQQW GD GHU JU|HUH $QWHLO DN]HSWLHUWHU 6WUDKOXQJ QLFKW DXVJH
OHXFKWHWLVW
8P HLQHQ 6HNXQGlUUHIOHNWRU RSWLPDO DQGLH 6WUDKOXQJ DP5DQGGHU)RNDO
HEHQHDQSDVVHQ]XN|QQHQPXPDQIUVHLQH)RUPHLQH$V\PPHWULHLP1RUG
6G6FKQLWW ]XODVVHQ 6\PPHWULVFKH )RUPHQ DN]HSWLHUHQ 6WUDKOXQJ GLH LP
5LFKWXQJVUDXPLQSRVLWLYHUXQGQHJDWLYHU5LFKWXQJJOHLFKZHLWDXVJHGHKQWVLQG
'LHVSDWQLFKW]XUYRUKDQGHQHQ6WUDKOXQJGLHLKUHQ6FKZHUSXQNWGHXWOLFKEHL
QHJDWLYHQkx:HUWHQKDWGDGLH6WUDKOXQJKLHU MDYRPHQWIHUQWHQ(QGHGHV+H
OLRVWDWHQIHOGHVNRPPW
5.1.2 Berechnungen für einen Aufbau am WIS 
,PVLHEWHQ6WRFNGHV/DERUWXUPVDP:,6LVWHLQH7HVWDQODJH]XU'HPRQVWUD
WLRQGHVWKHUPLVFKPHKUVWXILJHQ.RQ]HSWVEHLP(UKLW]HQGHV$UEHLWVPHGLXPVLQ
6RODUWXUPNUDIWZHUNHQ V $EVFKQLWW  DXIJHEDXW(LQ JURHU ]HQWUDOHU 6HNXQ
GlUUHIOHNWRU PLW ]HKQHFNLJHU (LQWULWWVDSHUWXU LVW YRQ HLQHP 5LQJ NOHLQHUHU 6H
NXQGlUUHIOHNWRUHQ PLW IQIHFNLJHQ (LQWULWWVDSHUWXUHQ XPJHEHQ 'LH 6WUDKOXQJ
5HIOHNWRUHQIUGHQ5DQGEHUHLFKGHU)RNDOHEHQHHLQHV+HOLRVWDWHQIHOGHV

DP5DQGZLUG]XU9RUKHL]XQJGHV$UEHLWVPHGLXPVYRU(LQWULWWLQGHQ]HQWUDOHQ
$EVRUEHU JHQXW]W'LHELVKHUHLQJHVHW]WHQ6HNXQGlUUHIOHNWRUHQVLQGDXV IODFKHQ
XQG HLQGLPHQVLRQDO JHNUPPWHQ )DFHWWHQ ]XVDPPHQJHVHW]W XQG KDEHQ UHJHO
PlLJHIQIHFNLJH$SHUWXUHQ'RURQ.ULEXV
,P 5DKPHQ GLHVHU $UEHLW ZXUGHQ 2SWLPLHUXQJVUHFKQXQJHQ PLW QHXDUWLJHQ
DV\PPHWULVFKHQ )RUPHQ IU HLQHQ GLHVHU 5HIOHNWRUHQ DP 5DQG GXUFKJHIKUW
:HJHQ GHV EHVWHKHQGHQ$XIEDXVZDU GLH)RUPGHU(LQWULWWVDSHUWXU DXI HLQ UH
JHOPlLJHV )QIHFN IHVWJHOHJW 'LH XQWHUVXFKWHQ 5HIOHNWRUHQ VLQG DXV IQI HLQ
GLPHQVLRQDO SDUDEROLVFK JHNUPPWHQ )DFHWWHQ ]XVDPPHQJHVHW]W 8P GLH
9HUEHVVHUXQJVSRWHQWLDOH GXUFK DV\PPHWULVFKH )RUPHQ ]X ]HLJHQ ZXUGHQ ]ZHL
5HIOHNWRUIRUPHQRSWLPLHUW
• (LQHUHJHOPlLJH)RUPDXVIQILGHQWLVFKHQ)DFHWWHQPLWUHJHOPlLJHU(LQ
XQG$XVWULWWVDSHUWXUXQG
• HLQHXQUHJHOPlLJH)RUPGLH2VW:HVW6\PPHWULHDXIZHLVWDEHUNHLQH1RUG
6G6\PPHWULH
$EELOGXQJ]HLJWHLQHQXQUHJHOPlLJHQ5HIOHNWRU

$EELOGXQJ$V\PPHWULVFKHU6HNXQGlUUHIOHNWRUPLWIQIHFNLJHU(LQWULWWVDSHUWXU'HU5HIOHNWRU
LVWDXVIQIHLQGLPHQVLRQDOSDUDEROLVFKJHNUPPWHQ)DFHWWHQDXIJHEDXW'HU5HIOHNWRULVWV\P
PHWULVFKLQ2VW:HVW5LFKWXQJKRUL]RQWDOLP%LOG9RUQHLVWGLHUHJHOPlLJH(LQWULWWVDSHUWXU]X
VHKHQKLQWHQGHU5DQGGHUXQUHJHOPlLJHQ$XVWULWWVDSHUWXU
,Q $EELOGXQJ  VLQG GLH DXV GHU 2SWLPLHUXQJ UHVXOWLHUHQGHQ .HQQOLQLHQ
GDUJHVWHOOW0DQHUNHQQWHLQHGHXWOLFKH6WHLJHUXQJGHU HUUHLFKEDUHQ.RQ]HQWUD
WLRQEHL JOHLFKHU7UDQVPLVVLRQ%HL 7UDQVPLVVLRQNDQQGLH.RQ]HQWUDWLRQ
GXUFK(LQVDW]HLQHVXQUHJHOPlLJHQ5HIOHNWRUVXPJHVWHLJHUWZHUGHQ
'LHVH9HUEHVVHUXQJ LVW VLJQLILNDQWEOHLEW DEHUGHXWOLFKKLQWHUGHQ(UJHEQLV
VHQ ]XUFN GLH IU GLH 6WUDKOXQJ LP=HQWUXPGHU)RNDOHEHQH HUUHLFKWZHUGHQ
NRQQWHQ(LQH8UVDFKHKLHUIUN|QQWHGLH)HVWOHJXQJDXIHLQHUHJHOPlLJH(LQ
$XVEOLFN

WULWWVDSHUWXUVHLQ'LHVHZDUGXUFKGDV.RQ]HSWGHUEHVWHKHQGHQ$QODJHDP:,6
YRUJHJHEHQ
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Konzentration C 
$EELOGXQJ  .HQQOLQLHQ IU 6HNXQGlUUHIOHNWRUHQ DP5DQG GHU (LQWULWWVDSHUWXU (V VLQG GLH
.HQQOLQLHQ IU GLH XQWHUVXFKWHQ UHJHOPlLJHQ XQG XQUHJHOPlLJHQ 5HIOHNWRUIRUPHQ
GDUJHVWHOOW:HLWHUJHKHQGH$QVlW]H
,QZHLWHUJHKHQGHQ5HFKQXQJHQN|QQWHQGLH VHKU OHLVWXQJVIlKLJHQ5HIOHNWRU
NRQ]HSWHGLHLQ$EVFKQLWWYRUJHVWHOOWZXUGHQDXIGLH6LWXDWLRQDP5DQGGHU
)RNDOHEHQH EHUWUDJHQ ZHUGHQ 'LH $V\PPHWULH LP 1RUG6G4XHUVFKQLWW LVW
OHLFKW]XLQWHJULHUHQ
(LQ5HIOHNWRU DXV HEHQHQ)DFHWWHQN|QQWH UHFKWHFNLJH$SHUWXUHQYHUELQGHQ
GLHQLFKWSDUDOOHO]XHLQDQGHUVLQGVRQGHUQLP1RUG6G6FKQLWWJHJHQHLQDQGHU
YHUNLSSW VLQG (LQ 5HIOHNWRU DXV HLQGLPHQVLRQDO JHNUPPWHQ )DFHWWHQ KlWWH
UHFKWHFNLJH (LQ XQG $XVWULWWVDSHUWXUHQ GLH QLFKW SDUDOOHO ]XHLQDQGHU VWHKHQ
PVVHQ'LHREHUHXQGXQWHUH)DFHWWHLP1RUG6G6FKQLWWZUGHQYHUVFKLHGHQH
SDUDEROLVFKH3URILOHDXIZHLVHQ'LHUHFKWHFNLJHQ(LQWULWWVDSHUWXUHQN|QQWHQVLFK
JXW PLW GHQ UHFKWHFNLJHQ $SHUWXUHQ GHU 5HIOHNWRUHQ LP =HQWUXP GHU $SHUWXU
NRPELQLHUHQODVVHQ8PHLQH*UXSSHYRQUHFKWHFNLJHQ5HIOHNWRUHQLP=HQWUXP
GHU )RNDOHEHQH GLH 2VW:HVW VRZLH 1RUG6G6\PPHWULH DXIZHLVHQ ZHUGHQ
GDQQGLHEHVFKULHEHQHQ5HIOHNWRUHQIUGLH6WUDKOXQJDP5DQGDQJHRUGQHW
%HLGHU$XVOHJXQJGHU5HIOHNWRUHQIUGHQ5DQGPVVHQIROJHQGH3XQNWHEH
UFNVLFKWLJWZHUGHQ
• 'DVLFKEHQDFKEDUWH5HIOHNWRUHQQLFKWGXUFKGULQJHQN|QQHQPXGLH)RUP
VRHLQJHVFKUlQNWZHUGHQGDGLH5HIOHNWRUHQDXFKLPDV\PPHWULVFKHQ1RUG
6G6FKQLWWQHEHQHLQDQGHUSDVVHQ
2SWLPLHUXQJGHVRSWLVFKHQ.RQ]HSWHVYRQ6RODUWXUPNUDIWZHUNHQ

• 'LH6WUDKOXQJDP5DQGHGHU)RNDOHEHQHlQGHUW VLFKGHXWOLFK LQ$EKlQJLJ
NHLWYRP2UW$XVGLHVHP*UXQGNDQQPDQIUMHGH3RVLWLRQDP5DQGHLQHQ
HLJHQHQ 6HNXQGlUUHIOHNWRU JHWUHQQW RSWLPLHUHQ 8P GHQ WHFKQLVFKHQ $XI
ZDQG]XEHVFKUlQNHQNDQQPDQVLFKDEHUDXFKDXIHLQHJHPHLQVDPH)RUP
EHVFKUlQNHQGLHDEHUGDQQIUGLH6WUDKOXQJDQDOOHQUHOHYDQWHQ3RVLWLRQHQ
JOHLFK]HLWLJRSWLPLHUWZHUGHQPX
• (VPXYRQYRUQKHUHLQIHVWJHOHJWZHUGHQZLHZHLWVLFKGLH5HIOHNWRUHQYRP
=HQWUXPZHJHUVWUHFNHQVROOHQDOVRZHOFKHU7HLOGHUJHVDPWHQ6WUDKOXQJJH
QXW]WZHUGHQVROO'DGLH6WUDKOXQJJHUDGHDP5DQGGLHVWlUNVWHQXQGFKD
UDNWHULVWLVFKVWHQ ,QKRPRJHQLWlWHQ DXIZHLVW ZLUG GLH:DKO GHU $XVGHKQXQJ
GHU$SHUWXUHQLQGHU)RNDOHEHQHGLH)RUPGHURSWLPLHUWHQ5HIOHNWRUHQGHXW
OLFKEHHLQIOXVVHQ
5.2 Optimierung des optischen Konzeptes von Solarturm-
kraftwerken 
%HLGHQKLHUELVKHUYRUJHVWHOOWHQ5HFKQXQJHQZXUGHQGLHHLQ]HOQHQ.RPSR
QHQWHQ HLQHV 6RODUWXUPNUDIWZHUNV JHWUHQQW XQWHUVXFKW 'LH +HOLRVWDWHQIHOGHU
ZXUGHQLQ LKUHU)RUPDOVYRUJHJHEHQEHWUDFKWHW ,P)DOOHGHV+HOLRVWDWHQIHOGHV
DP:,6LVWGLHVH)RUPGDV5HVXOWDWHLQHU2SWLPLHUXQJEHLGHUNHLQ6HNXQGlUUH
IOHNWRUEHUFNVLFKWLJWZXUGH'LH6HNXQGlUUHIOHNWRUHQZXUGHQIUGLHIHVWYRUJH
JHEHQH 6WUDKOXQJ RSWLPLHUW 'LH (UJHEQLVVH GHU 2SWLPLHUXQJ ZXUGHQ LQ
.HQQOLQLHQGDUJHVWHOOW'LHVH.HQQOLQLHQVLQGQ|WLJZHLOPDQKRKH7UDQVPLVVLRQ
JHJHQ KRKH .RQ]HQWUDWLRQ DEZlJHQ PX ,P (QGHIIHNW HQWVFKHLGHQ GLH 5DK
PHQEHGLQJXQJHQGHVYHUZHQGHWH:lUPH.UDIW3UR]HVVHVDXIZHOFKHQ3XQNWGHU
.HQQOLQLHDPHIIL]LHQWHVWHQJHDUEHLWHWZHUGHQNDQQ
%HLWKHUPLVFKPHKUVWXILJHU1XW]XQJHQWVFKHLGHWZLHGHUXPGHU:lUPH.UDIW
3UR]HEHUGLH1XW]XQJGHU*HELHWHDP5DQGPLWJHULQJHU%HVWUDKOXQJVVWlUNH
:HQQPDQDXFKPLWKRKHU.RQ]HQWUDWLRQGLHVHU6WUDKOXQJGLHQ|WLJH7HPSHUD
WXUQLFKWPHKUHUUHLFKHQNDQQZLUGGLHVH6WUDKOXQJQLFKWJHQXW]W'LH%HVWUDK
OXQJVVWlUNHYHUWHLOXQJLQGHU)RNDOHEHQHKlQJWDEHUZLHGHUXPYRQGHU)RUPGHV
+HOLRVWDWHQIHOGHV DE LQVEHVRQGHUH YRQ GHU 9HUWHLOXQJ GHU (QWIHUQXQJ GHU+H
OLRVWDWHQYRQGHU)RNDOHEHQH'LH%H]LHKXQJHQGHU:LUNXQJVJUDGHGHUHLQ]HOQHQ
.RPSRQHQWHQ GHV 6RODUWXUPNUDIWZHUNV XQG GLH %HUHFKQXQJ GHV *HVDPWZLU
NXQJVJUDGHVVLQGLQ$EVFKQLWWGDUJHOHJW
'HU$QVDW]GHUYRUOLHJHQGHQ$UEHLWZDUHV6HNXQGlUUHIOHNWRUHQIUYRUJHJH
EHQH6WUDKOXQJ]XRSWLPLHUHQ0LWGHQYRUJHVWHOOWHQ(UJHEQLVVHQLVWHVQXQP|J
$XVEOLFN

OLFKGLHJHVDPWHRSWLVFKH.RQ]HSWLRQHLQHV6RODUWXUPNUDIWZHUNV]XXQWHUVXFKHQ
XQG RSWLPDO ]X JHVWDOWHQ 'LH 5HIOHNWRUHQPLW UHFKWHFNLJHU (LQ XQG $XVWULWWV
DSHUWXUN|QQHQVLFKVHKUJXWDQ6WUDKOXQJDXVHLQHPHOOLSWLVFKHQ5LFKWXQJVEH
UHLFK DQSDVVHQ ,KUH /HLVWXQJVIlKLJNHLW LVW ZHLWJHKHQG XQDEKlQJLJ YRQ GHU
([]HQWUL]LWlWGHU6WUDKOXQJLP5LFKWXQJVUDXPV$EVFKQLWW
)ROJHQGHU$QVDW] ]XU2SWLPLHUXQJGHV RSWLVFKHQ.RQ]HSWV HLQHV6RODUWXUP
NUDIWZHUNVZLUGYRUJHVFKODJHQ
(LQH*UXSSHGLHVHU.ODVVHYRQ5HIOHNWRUHQZLUGLQGHU)RNDOHEHQHHLQHVHOOLS
WLVFKHQ+HOLRVWDWHQIHOGHV DOV 6HNXQGlUUHIOHNWRUHQ HLQJHVHW]W 8P HLQH HLQIDFKH
.RQVWUXNWLRQ ]X HUUHLFKHQ KDEHQ DOOH 5HIOHNWRUHQ GLHVHOEH )RUP 'LH NRQ]HQ
WULHUWH6WUDKOXQJDXIGHQ$XVWULWWVDSHUWXUHQNDQQWKHUPLVFKJHWUHQQW]XU(UKLW
]XQJ GHV $UEHLWVPHGLXPV JHQXW]W ZHUGHQ 'LH RSWLPDOH 8PVHW]XQJ LQ
PHFKDQLVFKH$UEHLWXQG HOHNWULVFKH(QHUJLH LVW HUUHLFKEDUZHQQGLH6WUDKOXQJ
DXI MHGHU HLQ]HOQHQ$XVWULWWVDSHUWXU JHWUHQQW JHQXW]W ZLUG 5LHV  )U GLH
8PVHW]XQJZLUGGHU:LUNXQJVJUDGHLQHU&DUQRW0DVFKLQHHLQJHVHW]W'LHVHUVWHOOW
GHQ*UHQ]ZHUWGHVSK\VLNDOLVFKHUUHLFKEDUHQGDUDXFKZHQQHUWHFKQLVFKQLFKW
HUUHLFKWZLUG=XU2SWLPLHUXQJGHVRSWLVFKHQ.RQ]HSWHVZLUGKLHUGHUWKHUPLVFKH
7HLOLGHDOLVLHUW
'LH%HUHFKQXQJGHU7UDQVPLVVLRQGXUFKGLH6HNXQGlUUHIOHNWRUHQNDQQRKQH
H[SOL]LWH6WUDKOYHUIROJXQJJHVFKHKHQGDVLFKGLH.HQQOLQLHQGHULQ$EVFKQLWW
EHUHFKQHWHQ5HIOHNWRUHQJXW3DUDPHWHULVLHUHQODVVHQ,Q$EKlQJLJNHLWYRPPLWW
OHUHPgIIQXQJVZLQNHOGHU6WUDKOXQJXQGGHU5LFKWXQJVH[]HQWUL]LWlWIUGLHGHU
5HIOHNWRUDXVJHOHJW LVWN|QQHQGLH.HQQOLQLHQPLWHLQHU*HQDXLJNHLWYRQLQ
GHU7UDQVPLVVLRQDQJHQlKHUWZHUGHQ
)ROJHQGH3DUDPHWHUXQWHUOLHJHQGHU2SWLPLHUXQJ
• 'LH ([]HQWUL]LWlW GHV +HOLRVWDWHQIHOGHV XQG GLH (QWIHUQXQJ VHLQHV 0LWWHO
SXQNWHVYRP7XUPLQQ|UGOLFKHU5LFKWXQJ
• GLH1HLJXQJGHU(EHQHGHU(LQWULWWVDSHUWXUHQGHU6HNXQGlUUHIOHNWRUHQ
• GHUPLWWOHUHgIIQXQJVZLQNHOXQGGLH([]HQWUL]LWlWGHUDN]HSWLHUWHQ6WUDKOXQJ
LP5LFKWXQJVUDXP
• GHU$UEHLWVSXQNWDXIGHU.HQQOLQLHIUGLHVH3DUDPHWHUXQGGDPLWGLH.RQ
]HQWUDWLRQXQGGLH7UDQVPLVVLRQIUGLH6WUDKOXQJGLHLQQHUKDOEGHVYRUJH
VHKHQHQ5LFKWXQJVEHUHLFKVHLQIDOOHQ
• GLH $UEHLWVWHPSHUDWXU IU GLH &DUQRW0DVFKLQH DXI MHGHU HLQ]HOQHQ $XV
WULWWVDSHUWXU XP MHZHLOV HLQH RSWLPDOH $XVQXW]XQJ GHU 6WUDKOXQJ ]X HUUHL
FKHQ
2SWLPLHUXQJGHVRSWLVFKHQ.RQ]HSWHVYRQ6RODUWXUPNUDIWZHUNHQ

)ROJHQGH3DUDPHWHUZHUGHQIUMHGH2SWLPLHUXQJYRUJHJHEHQ
• 'LH)OlFKHGHU6SLHJHOGHV+HOLRVWDWHQIHOGHVDOV%H]XJVJU|HIUGLH*HVDP
WHIIL]LHQ]GHU$QODJH
• GLH%HVWUDKOXQJVVWlUNHGHUGLUHNWHQ6RQQHQVWUDKOXQJ
• GLH(LQWULWWVWHPSHUDWXUGHV$UEHLWVPHGLXPV
• GLH8PJHEXQJVWHPSHUDWXUJHJHQGLHGLH&DUQRW0DVFKLQHQDUEHLWHQ
,QXQWHUVFKLHGOLFKHQ2SWLPLHUXQJVOlXIHQN|QQHQYHUVFKLHGHQH.RQ]HSWHXQ
WHUVXFKWZHUGHQ=XP%HLVSLHONDQQGLH5LFKWXQJVH[]HQWUL]LWlWGHU6HNXQGlUUH
IOHNWRUHQHLQPDODXIHLQV IHVWJHOHJWXQGGDQQIUHLJHJHEHQZHUGHQ,P9HUJOHLFK
HUNHQQWPDQREGLHVHU)UHLKHLWVJUDG]XGHXWOLFKHQ9HUEHVVHUXQJHQLP*HVDPW
ZLUNXQJVJUDG IKUWRGHUQLFKW$XHUGHPNDQQYHUJOLFKHQZHUGHQREGHU(LQ
VDW]YRQPHKUHUHQNOHLQHQ+HOLRVWDWHQIHOGHUQGLHDXIMHZHLOVHLQH$SHUWXUHEHQH
DXVJHULFKWHWVLQGVWDWWHLQHVJURHQ+HOLRVWDWHQIHOGHV9RUWHLOHEULQJW'LHVH$Q
RUGQXQJZLUGLQ5DEOYRUJHVFKODJHQ6LHN|QQWHYRUWHLOKDIWVHLQZHLONOHL
QHUH +HOLRVWDWHQIHOGHU ZHQLJHU (QWIHUQXQJVXQWHUVFKLHGH ]ZLVFKHQ HLQ]HOQHQ
+HOLRVWDWHQ XQG 7XUP DXIZHLVHQ XQG GHVZHJHQ ZHQLJHU DXVJHVFKPLHUWH 6SRWV
HU]HXJHQ
6ROFKH 6LPXODWLRQHQ XQG 2SWLPLHUXQJHQ GHV RSWLVFKHQ .RQ]HSWHV VLQG LQ
YHUVFKLHGHQHQ$QVlW]HQEHUHLWVGXUFKJHIKUWZRUGHQ 6HJDO.ULEXV
6HJDO  6LHEHVFKUlQNHQ VLFK MHGRFKDXIKHUN|PPOLFKH URWDWLRQVV\PPHWUL
VFKH 6HNXQGlUUHIOHNWRUHQ ZRGXUFK GLH :DKO GHU )RUP GHV +HOLVRWDWHQIHOGHV
VWDUNHLQJHVFKUlQNWLVW
(UVWH 7HVWUHFKQXQJHQ ]HLJHQ GD EHLP*HVDPWZLUNXQJVJUDG YRU DOOHP GHU
:LUNXQJVJUDGGHV+HOLRVWDWHQIHOGHVHLQH5ROOHVSLHOW'LH)RUPGHV+HOLRVWDWHQ
IHOGHV SDW VLFK GHPHQWVSUHFKHQG GHU RSWLPDOHQ 1XW]XQJ GHU+HOLRVWDWHQ DQ
'LHDV\PPHWULVFKHQ6HNXQGlUUHIOHNWRUHQN|QQHQVLFKZLHGHUXPJXWGHUUHVXOWLH
UHQGHQ6WUDKOXQJVYHUWHLOXQJDQSDVVHQ'DGHU1XW]XQJVJUDGGHUHLQ]HOQHQ+H
OLRVWDWHQ DEHU QLFKW QXU YRP 2UW GHU +HOLRVWDWHQ LP )HOG VRQGHUQ DXFK YRP
6RQQHQVWDQG DEKlQJW PWH GHU :LUNXQJVJUDG IU MHGHV .RQ]HSW EHUV -DKU
RGHUDQHLQHU5HLKHYRQDXVJHZlKOWHQ=HLWSXQNWHQEHUHFKQHWZHUGHQ
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Danksagung 
=XJXWHU/HW]WP|FKWH LFKDOO GHQHQGDQNHQGLHDXI YLHOIlOWLJHQ:HJHQ IU
GDV*HOLQJHQGLHVHU$UEHLWPLWYHUDQWZRUWOLFKVLQG
• 0HLQHP 'RNWRUYDWHU 3URI 'U -RFKHQ )HOGPDQQ GHU PLFK DOV ¶HUHUEWHV©
0LWJOLHGYRUEHKDOWORVLQVHLQH$UEHLWVJUXSSHDXIJHQRPPHQKDWXQGPLUMHGH
8QWHUVWW]XQJ]XNRPPHQOLH,FKNDQQPLFKQLFKWHULQQHUQGDHUMHPDOV
NHLQH =HLW IU HLQH )UDJH KDWWH ,FK KDEH VHKU YRQ GHP YLWDOHQ XQG
SURGXNWLYHQ $UEHLWVXPIHOG SURILWLHUW XQG DOV ([RW LQ GHU *UXSSH GLH
HLQPDOLJH *HOHJHQKHLW JHKDEW IXQGLHUWH (LQEOLFNH LQ GLH YLHOIlOWLJHQ
$UEHLWVJHELHWHMHQVHLWVGHV7HOOHUUDQGHV]XJHZLQQHQ
• 0HLQHP %HWUHXHU :ROIJDQJ 6SLUNO GHU GLH $UEHLW GLH JDQ]H =HLW EHU
IUVRUJOLFK EHJOHLWHW KDW )U VHLQH (UPDKQXQJHQ 6FKULWW IU 6FKULWW
YRU]XJHKHQ XQG VHLQH DXIPXQWHUQGHQ 0RWLYDWLRQVYHUVXFKH GLH LFK QLFKW
LPPHUPLWGHULKQHQJHEKUHQGHQ.RQVHTXHQ]YHULQQHUOLFKWKDEH6LHKDEHQ
PLUDEHULPPHUJHKROIHQXQGKRIIHQWOLFKPHLVWHQVLKUHJHZQVFKWH:LUNXQJ
QLFKW Y|OOLJ YHUIHKOW *DQ] EHVRQGHUV P|FKWH LFK PLFK IU GHQ LQWHQVLYHQ
(LQVDW] LP NUHDWLYHQ:LQWHU ªª EHGDQNHQ LQ GHP GHU *UXQGVWHLQ IU
DOOH QHXHQ )RUPHQ YRQ 5HIOHNWRUHQ JHOHJW ZXUGH $EHU DXFK QDFK VHLQHP
:HJJDQJDXVGHU*UXSSHZDU:ROIJDQJLPPHUIUPLFKHUUHLFKEDUXQGYRQ
VHLQHU+LQWHUODVVHQVFKDIW KDEH LFK DXVJHVSURFKHQ SURILWLHUW GHQQZDVZlUH
2SW$6$3RKQH5HDO)XQFWLRQXQG*HW(II9DOXH
• 0HLQHP ,QLWLDWRU+DUDOG 5LHV IU VHLQ VWHWHV $XJHQPHUN DXIPHLQH $UEHLW
VHLQHYLHOHQ ,GHHQXQG7LSVXQGVHLQ]XYHUOlVVLJHV8UWHLOGLHEHVRQGHUVDP
(QGH GHXWOLFK ]XU (IIL]LHQ] EHLJHWUDJHQ KDEHQ ,FK GHQNH GD DQ GLH
ULQJI|UPLJH6WUDKOXQJXQGGLH'LVNXVVLRQGHUHUVWHQ5RKIDVVXQJ
• $YL .ULEXV IU GLH IDFKOLFKZLHPHQVFKOLFK EHVWP|JOLFKH ,QWHJUDWLRQ LQ GLH
*UXSSH DP:,6 'LH OHEKDIWH $WPRVSKlUH XQG GHU DQVSUXFKVYROOH $QVDW]
GLH 7HFKQRORJLH GHU =XNXQIW ]X HQWZLFNHOQ VLQG 0RWLYDWLRQ XQG
+HUDXVIRUGHUXQJ
• 0DKPRXG+XOHLKLO7RQL6PLWKXQG6KPXHOIUGLH=XVDPPHQDUEHLWEHLGHQ
([SHULPHQWHQXQGQDWUOLFK'RURQ0RVKH,W]KDU$OLDVKLYXQG$KDURQIU
GLH8QWHUVWW]XQJXQGGHQWHFKQLVFKHQ%HLVWDQG


• 0HLQHP'LSORPDQGHQ0DUNXV:DOWKHUIUGHQ(LQVDW]XQGQDWUOLFK3KHYDO
GDV EHVWH DOOHU $QDO\VHSURJUDPPH IU RSWLVFKH LQVLWX 0HVVXQJHQ GHU
7UDQVPLVVLRQVPXVWHUYRQQLFKWDEELOGHQGHQ5HIOHNWRUHQ
• $QGUHDV+DXJHQHGHU IU HLQHQ1DFKPLWWDJ LP6RPPHUIHOGNHOOHUPLW HLQHP
'LDSURMHNWRUXQG]ZHL%DGH]LPPHUVSLHJHOQ
• 3KLOLSS 6FKUDPHN XQG -XOLXV 0XVFKDZHFN IU GLH IDFKOLFKHQ 'LVNXVVLRQHQ
YRU2UWDXIJOHLFKHU(EHQH
• 5DLQHU %XFN 0DUNXV $EHOH XQG 7RUVWHQ 'HQN YRP '/5 IU GLH QHWWH
$XIQDKPHGLH'LVNXVVLRQHQXQGGLH8QWHUVWW]XQJ
• 7RP .XFNHONRUQ IU HLQ SDDU QHWWH 3UREOHPVWHOOXQJHQ DXHUKDOE PHLQHV
DOOWlJOLFKHQ%HWlWLJXQJVIHOGHV
• 0DULD .DOGHZH\ XQG )UDX &XQQLQJKDP IU GLH $UEHLW DQ GHU
9HUZDOWXQJVIURQW1LHPDQGVFKlW]WHIIHNWLYH$UEHLWJHQXJ%LVHUVLHYHUPLW
• 'HP JDQ]HQ /6 )HOGPDQQ $OOHQ GLH GD]X JHK|UHQ XQGPDO GDEHL ZDUHQ
XQG GLH XQYHUJOHLFKOLFK EXQWH XQG OHEKDIWH 0LVFKXQJ HU]HXJHQ ,Q ORVHU
5HLKHQIROJHXQGPLW$QVSUXFKDXI8QYROOVWlQGLJNHLW)UDX3U|PPHO-RFKHQ
8OL :ROIJDQJ 0DUWLQ *HUR -UJHQ :HUQHU 1DQF\ 0LQJ\XDQ &RULQQH
-|UJ 6WHSKDQ $QGUHDV &KULVWLDQ 0DUWLQ -XOLXV ,PNH 6WHIDQ &KULVWRSK
&DUVWHQ 0LFKDHO -RKDQQHV 3DWULFN 5DOI 7KRPDV 5DOI -RVHI *HUKDUG
0DUWLQ0DUWLQ .LP /XFD0DUWLQ *HUKDUG0DWWKLDV0DUNXV (ULF 2ODI
%HUQG $OH[DQGHU :ROIJDQJ 0DULD 0DUJLW 5DOI .DL :ROIJDQJ 0DUWLQ
5REHUW6WHIDQ5HLQHU,FKKDEHPLUQLHDQGHUH.ROOHJHQJHZQVFKW
• $OOHQ GLH LQ 'HXWVFKODQG 6WHXHUQ ]DKOHQ XQG PLFK GDGXUFK VR JUR]JLJ
JHI|UGHUWKDEHQYHUWUHWHQLQVEHVRQGHUHYRQ+HUUQ%DVWHNEHLP%(2
• 3KLOLSS:ROIJDQJ+DUDOG3HWHUXQG$QGUHDVIUV.RUUHNWXUOHVHQ
'HUDEVFKOLHHQGH'DQNJHEKUWPHLQHU)DPLOLHDXIGHUHQ8QWHUVWW]XQJLQ
YLHOHUOHL+LQVLFKWLFKLPPHUJHEDXWKDEH


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